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ABSTRACT
A lthough  p ronounced  m o rp h o lo g ica l changes occur d u rin g  th e  
p ro c e ss  o f  s t r o b i l a t i o n  in  th e  scyphozoan j e l l y f i s h ,  on ly  m inor d i f ­
f e re n c e s  in  isozym e p a t t e r n s  betw een scy p h is to m ae  and s t r o b i l a e  were 
o b serv ed . D uring  th e  developm ent o f scyphozoan j e l l y f i s h ,  th e  change 
o f  m ala te  d eh ydrogenase  (MDH, EC 1 .1 .1 .3 7 )  isozym e p a t t e r n s  o ccu rs  in  
th e  c y to s o l  f r a c t i o n  o f  hiAoJilck. auAita.. No changes in  m ito ch o n d ria  
MDH isozym e p a t t e r n s  w ere  d e te c te d  in  d i f f e r e n t  s ta g e s  o f AuAeLLa. 
Changes in  MDH isozym e p a t t e r n s  occur d u r in g  d i f f e r e n t  s ta g e s  o f 
Ch/iyAaosui qvlnqLincJjOika and C yan m  cap£M cuta. There i s  a s h i f t  in  
t h e  dominance o f  th e  c y to s o l  and m ito c h o n d r ia l  MDH d u rin g  developm ent. 
T here i s  a lso  a  s h i f t  in  dom inance betw een th e  slow  and f a s t  m ig ra tin g  
MDH d u rin g  th e  developm en t o f Cyan2.CL, Changes in  g lu c o se -6 -p h o sp h a te  
dehydrogenase (G6PD, EC 1 .1 .1 .4 9 )  enzyme e le c t r o p h o r e t i c  m o b il i ty  
d u rin g  th e  developm ent o f th r e e  Chesapeake Bay scyphozoan j e l l y f i s h  
w ere n o t o b se rv ed .
E vidence  o b ta in e d  by two in d ep en d en t m ethods i s  p re se n te d  
w hich in d ic a te s  th e  e x i s t e n c e  o f  an a c t iv e  p e n to se -p h o sp h a te  pathway 
i n  the scy p h is to m ae  o f  Ch/iyAaoAtl. The p re se n c e  o f  g lu c o se -6 -p h o sp h a te  
dehydrogenase and 6 -p h o sp h o g lu co n a te  dehydrogenase  (6PGDH, EC 1 .1 .1 .4 3 ) ,  
th e  f i r s t  two enzymes o f  th e  p e n to se -p h o sp h a te  pathw ay, have been 
i d e n t i f i e d  by p o ly a c ry la m id e  g e l  e le c t r o p h o r e s is  and have r e l a t i v e  
m o b i l i t i e s  of 0 .2 0  and 0 .4 7 ,  r e s p e c t iv e ly .  When g lu c o s e - l - ^ C  and
g lu c o s e -6 - ^ C  a re  m e ta b o liz e d  AJI \)<L\)Q, a  m o lar r a t i o  o f g r e a te r
th a n  1 i s  p ro d u ced , an o b s e rv a tio n  c o n s i s te n t  w ith  th e  e x is te n c e  of 
th e  p e n to se -p h o sp h a te  pathw ay.
The p re se n c e  o f m a la te  d eh y d ro g en ase , s u c c in a te  dehydrogenase 
(SDH, EC 1 .3 .9 9 .1 ) ,  p y ru v a te  k in a s e  (PK, EC 2 .7 .1 .4 0 ) ,  p h osphoeno l- 
p y ru v a te  carb o x y k in ase  (PEPCK, EC 4 .1 .1 .3 2 ) ,  m a lic  enzyme, and NADP+-  
lin k e d  i s o c i t r a t e  dehydrogenase (ICD, EC 1 .1 .1 .4 2 )  in  th e  scyph istom ae 
o f scyphozoan j e l l y f i s h  has been  d em o n stra ted  by s p e c tro p h o to m e tr ic  
m ethods. The p re sen c e  o f NADP+- l in k e d  ICD, MDH and SDH in d ic a te s  th a t  
a  f u n c t io n a l  t r i c a r b o x y l i c  a c id  c y c le  e x i s t s .  The p re se n c e  o f MDH,
SDH, PK, PEPCK and m a lic  enzyme a ls o  in d i c a t e s  t h a t  th e  scyph istom ae  
a re  p o t e n t i a l l y  cap ab le  o f s u rv iv in g  u n d e r low oxygen c o n d i t io n s .
The M ich a e lis  c o n s ta n t (Km), en erg y  o f a c t i v a t io n  (Ea) and 
Q-j^ q o f  MDH, PK, PEPCK and SDH o f scy p h is to m ae  w ere d e te rm in e d . A lthough 
scyph istom ae o f  Ch/iy&ciGfia. c u l tu r e d  u n d e r d i f f e r e n t  te m p e ra tu re s  do n o t 
d i f f e r  in  MDH isozym e p a t t e r n s ,  th ey  d i f f e r  w ith  r e s p e c t  to  Km. The 
e n e rg ie s  o f a c t i v a t io n  o f MDH, PK and PEPCK in  th e s e  two k in d s  of 
scyph istom ae  a re  a lso  d i f f e r e n t .  The scyp h is to m ae  c u l tu re d  in  th e  
co ld  alw ays have a h ig h e r  su b s tra te -e n z y m e  a f f i n i t y  (lo w er Km) and 
a  low er energy  o f a c t i v a t io n  (Ea) th a n  th e  scyp h is to m ae  m a in ta in ed  
a t  room te m p e ra tu re . The dependence o f  pH o f  MDH, PK and PEPCK was 
in v e s t ig a te d .
MDH and su p e ro x id e  d ism u ta se  ( te t r a z o l iu m  o x id a se , SOD, EC 
1 .1 5 ,1 .1 )  o f  th r e e  Chesapeake Bay scyphozoan j e l l y f i s h  w ere i d e n t i f i e d  
u s in g  p o ly acry lam id e  g e l  e le c t r o p h o r e s i s .  These isozym e p a t te r n s  
may be u se d , e i t h e r  s in g ly  o r in  co m b in a tio n , f o r  id e n t i f y in g  th e  
scyph istom ae o f  common Chesapeake Bay j e l l y f i s h  o f  unknown o r ig i n .
The MDH and SOD isozym e p a t t e r n s  o f  Au/teZCa. scyphistom ae 
show v a r i a t i o n s  w hich w ere  r e l a t e d  to  g e o g ra p h ic a l lo c a t io n  from  w hich 
th e s e  o rgan ism s w ere o b ta in e d . On th e  b a s i s  o f MDH and SOD isozym e 
p a t t e r n s , th e  kuJieJLia. scy p h is to m ae  may be grouped in to  tw o , and 
p o s s ib ly  th r e e  c a ta g o r ie s :  (a )  N o rth e rn  n o r th w e s t A t l a n t i c ,  in c lu d in g
scyph istom ae from  M a s sa c h u se tts , New B runsw ick (C anada), and P r in c e  
Edward I s la n d  (C anada); (b ) M idd le  n o rth w e s t A t l a n t i c ,  in c lu d in g  
scyph istom ae from Chesapeake Bay, D elaw are Bay, and p ro b a b ly  th e  G ulf 
o f M exico; (c )  and M iddle  n o r th e a s t  P a c i f i c ,  in c lu d in g  scyph istom ae 
from W ashington. Scyphistom ae from  G rea t B r i t a in  a re  more s im i la r  to  
th o se  o f c a te g o ry  (a ) th a n  to  any o th e r .
x i
INTRODUCTION
S tu d ie s  to  c o n tro l  j e l l y f i s h  have  b een  u n d e rta k en  a t  s e v e ra l  
la b o r a to r i e s  to  seek  p o s s ib le  ways o f re d u c in g  th e  l a r g e  p o p u la tio n s  
o f medusae w hich appear in  th e  e s tu a r in e  w a te r s .  D uring th e  summer 
o f 1972, th e  T ro p ic a l Storm Agnes f lu s h e d  m ost o f th e  scyphozoan 
medusae from  th e  Chesapeake Bay. However, numerous scyp h is to m ae  s t i l l  
rem ained a tta c h e d  to  s u b s t r a ta  o f  s e v e r a l  t r i b u t a r y  r i v e r s  and c re e k s  
(M orales-Alam o and Haven; C argo, p e rs o n a l  com m unications). B ecause o f  
th e  p re sen c e  o f  th e s e  scy p h is to m ae , th e  m edusae o f  th e s e  j e l l y f i s h  
reap p ea red  th e  n ex t y e a r ,  and w ith  an e x c e s s iv e  abundance r e p o r te d  i n  
1974 and 1975 (Z u b k o ff, u n p u b lis h e d ) . B ecause  th e  scy p h is to m ae  and 
c y s ts  p e r s i s t  th ro u g h o u t th e  y e a r ,  th e  j e l l y f i s h  c o n t r o l  program  a t  VIMS 
i s  p r in c ip a l ly  concerned w ith  u n d e rs ta n d in g  th e  l i f e  p ro c e sse s  o f th e  
s e s s i l e  scyphistom a r a th e r  th a n  th e  p e la g ic  medusa. In o rd e r to  d ev e lo p  
an e f f e c t iv e  c o n tro l  th e  j e l l y f i s h ,  th e  u n d e rs ta n d in g  o f  th e  developm ent, 
p h y s io lo g y  and m etabo lism  o f  th e  o rgan ism  i s  a p r e r e q u i s i t e .
The C n id a ria  and T h e ir  L ife  C ycles
The phylum C n id a r ia , c l a s s i c a l l y  known as C o e le n te ra ta ,  
in c lu d e s  h y d ra s , j e l l y f i s h ,  s e a  anemones and c o r a l s .  A ccord ing  to  
th e  " c o lo n ia l  th e o ry "  o f  m etazoan o r i g i n s ,  i t  i s  h y p o th e s ize d  th a t  
th e  C n id a ria  a re  d e r iv e d  from a p la n u lo id  a n c e s to r  (Hyman, 1940, 1959; 
Hand, 1959). The C n id a ria  a re  th e  f i r s t  m etazoans w hich  have o rg an ized  
t i s s u e s  and , th u s ,  occupy a  v e ry  im p o r ta n t p o s i t io n  in  e v o lu t io n .  A ll
1
c n id a r ia n s  have b a s i c a l l y  th r e e  la y e r s  in  th e  body w a l l ;  an o u te r  
l a y e r  o f  e p id e rm is , an in n e r  la y e r  o f endoderm is and betw een them a 
l a y e r  o f  m esog lea  w hich may be  c e l l u l a r  o r  n o n c e l lu la r .
Two d i f f e r e n t  s t r u c t u r a l  form s a re  encoun tered  in  th e  Scyphozoa: 
one i s  th e  s e s s i l e  scy ph istom a (po lyp) and th e  o th e r  i s  th e  free -sw im ­
ming m edusa. R ep ro d u ctio n  by a l t e r n a t io n  o f  g e n e ra tio n s  i s  a  c h a r a c te r ­
i s t i c  o f  j e l l y f i s h  (F ig u re  1 ) . The s e s s i l e  scyphistom a undergoes 
a se x u a l re p ro d u c tio n  by (1) b u d d in g , (2) podocyst fo rm a tio n  and (3) 
m etam orphosis ( s t r o b i l a t i o n ) .
In  s t r o b i l a t i o n ,  a s e r i e s  o f t r a n s v e r s e  c o n s t r ic t io n s  a r e  formed 
i n  th e  tru n k  o f  th e  scy p h is to m a. Each t r a n s v e r s e  s e c t io n  u l t im a te ly  
d ev e lo p s  in to  a f r e e  swimming ephyra  and su b se q u e n tly  d ev e lo p s  in to  a 
m edusa. M ature medusae p roduce sperm and eggs. F e r t i l i z e d  eggs d ev e lo p  
in to  f r e e  swimming p la n u la e  which f u r th e r  develop  in to  th e  s e s s i l e  
scy p h is to m ae , th e re b y  com ple ting  th e  l i f e  c y c le  o f a j e l l y f i s h  (F ig u re  
1) . B es id es  th e  a l t e r n a t i o n  o f th e  p o ly p o id  and m edusoid fo rm s, th e  
p re se n c e  o f n em ato cy sts  ( s t in g in g  c e l l s  cap ab le  o f in ju r in g  o th e r  
an im a ls) i s  a c h a r a c t e r i s t i c  of C n id a r ia .
T hree s p e c ie s  o f scyphozoan j e l l y f i s h  a re  common in  C hesapeake 
Bay: Aun.eJU.ci a u /U ta  (L in n aeu s , 175 8 ), ChJiy&aoM qiUftque.CAM.ha (D eso r,
1 8 4 8 ), and C yaftta  capA ttcu ta  (L in n aeu s , 1758). Both th e  venomous medusae 
o f  th e  Cfoiy&aDHO. and th e  innocuous medusae o f ku A Z tla  a re  abundant in  
th e  Bay a r e a  d u rin g  th e  summer. The medusae o f innocuous CyaftZa a r e  
found  in  th e  w in te r  and s p r in g  in  th e  low er Bay and of venomous Cyanea  
i n  th e  c o a s ta l  V irg in ia n  Sea d u rin g  th e  summer.
The l i f e  c y c le s  o f AuAzLLa and Chfiy&aoh.a j e l l y f i s h  a re  r e l a ­
t i v e l y  com plex. M ature medusae p roduce eggs and sperm s e p a r a te ly .  A f te r
F ig u re  1. S ta g e s  in  th e  l i f e  c y c le  o f  a  j e l l y f i s h  
(F ig u re  by J .  Olmon).
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f e r t i l i z a t i o n  o f  eggs o c cu rs  X.YL A i t l l  in  th e  g a s t r i c  c a v i ty  o f th e  m edusa, 
th e  f e r t i l i z e d  egg d e v e lo p s  in to  a  f r e e  swimming p la n u la  w hich  even­
tu a l ly  a t ta c h e s  to  a  h a rd  s u b s t r a t e  and su b se q u e n tly  d ev e lo p s  in to  a 
scy p h is to m a. The s e s s i l e  scy p h is to m a  s t r o b i l a t e s  and r e le a s e s  s e v e ra l  
ephyrae  w hich  e v e n tu a l ly  m atu re  a s  medusae and th u s  com plete i t s  l i f e  
c y c le . In  Cyane.CL, th e  f r e e  swimming p la n u la e  e n c y s t in s te a d  o f  d ev e lo p in g  
d i r e c t l y  in to  a  s e s s i l e  scy p h is to m a; th e  c y s t  su b se q u e n tly  dev elo p s  
in to  th e  scy p h is to m a . The fo rm a tio n  o f a c y s t  i s  a ls o  o f  s ig n i f ic a n c e  
b ecau se  th e  o rgan ism  may th e n  su rv iv e  u n d er a d v e rse  c o n d i t io n s .
Development and Isozym es
The m o rp h o lo g ic a l developm ent o f Ch/iy&aOJUl h as  been  th o ro u g h ly  
s tu d ie d  ( L i t t l e f o r d ,  1939 and C a ld e r , 19 7 2 ). The en v iro n m en ta l and 
chem ical f a c to r s  w hich  in f lu e n c e  s t r o b i l a t i o n  have been  in v e s t ig a te d  
by s e v e r a l  w orkers  (C u s ta n c e , 1964; Spangenberg , 1965, 1967, 1974;
Loeb, 1970, 1973; Loeb and G ordon, 1975; Olmon and Webb, 1972; B lack  
and Webb, 1973). C raw ford and Webb (1972) observed  th a t  d u rin g  s t r o ­
b i l a t i o n  o f Chny&aonjOL, th e  number and lo c a t io n  of th e s e  n e u ro s e c re to ry  
g ra n u le s  changes. B lack  (1972) showed th a t  in  syn ch ro n o u sly  d ev e lo p in g  
p o p u la tio n s  o f  kuJioJLid, th e  amount o f  DNA p e r  po lyp  in c re a s e s  o v e r th e  
ran g e  of 41-260% d u r in g  s t r o b i l a t i o n ,  w hereas RNA and p ro te in  concen­
t r a t i o n s  rem ain  r e l a t i v e l y  c o n s ta n t .  He a ls o  in d ic a te d  th a t  th e  RNA/DNA 
r a t i o  dropped ab o u t 50% d u rin g  s t r o b i l a t i o n  in  B oth ChJiy&aafta. and 
kuJloJiLcL scy p h is to m ae  and protein/D N A  r a t i o  d ec rea sed  50% in  kuJizJLLd,
T h is  in fo rm a tio n  may b e  i n t e r p r e te d  th a t  in  d i f f e r e n t  d ev e lo p ­
m en ta l s ta g e s  d i f f e r e n t  m e ta b o lic  pathw ays and b io s y n th e t ic  e v e n ts  may 
e x i s t .  B ecause a l l  o f  th e  l i f e  p ro c e s s e s  a re  a r e f l e c t i o n  of gene
a c t i v i t y ,  d u rin g  d i f f e r e n t  d ev e lo p m en ta l s ta g e s  some o f th e  genes a re  
a c t iv a te d  and some rem ain  in o p e r a t iv e .  The in c re a s e  o f  DNA s y n th e s is  
d u rin g  s t r o b i l a t i o n  (B la ck , 1972) i s  s tro n g  ev id en ce  t h a t  gene a c t i v i t y  
i s  chang ing . The la r g e  amount o f  DNA w i l l  e v e n tu a lly  d i s t r i b u t e  to  
ephyrae and th ro u g h  th e  p ro c e s s e s  o f t r a n s c r i p t i o n  and t r a n s l a t i o n ,  
enzymes w hich a re  a b s o lu te ly  e s s e n t i a l  f o r  m etabo lism  w i l l  be  p roduced .
In  th e  developm ent o f  a m u l t i c e l l u l a r  o rgan ism , t i s s u e s  and 
o rgans w ith  d i f f e r e n t  s t r u c tu r e s  and fu n c tio n s  a r i s e  th ro u g h  th e  p ro c e ss  
o f c e l l u l a r  d i f f e r e n t i a t i o n .  T h is  p ro c e ss  i s  r e f l e c t e d  in  th e  c e l l s  
by p ro ducing  d i f f e r e n t  p r o te in s ;  e .g .  , a h e a r t  c e l l  has many p r o te in s  
w hich d i f f e r  from  th o s e  o f a  m uscle c e l l  as  i l l u s t r a t e d  by l a c t a t e  
dehydrogenase (LDH, EC 1 .1 .1 .2 7 ) .  A lthough a l l  c e l l s  o f th e  o rgan ism s 
have th e  same complement o f  g e n e s , th e  genes o f d i f f e r e n t  t i s s u e s  a re  
n o t n e c e s s a r i ly  in  th e  same s t a t e .  When th e  gene i s  in  th e  re p re s s e d  
s t a t e ,  th e  gene p ro d u c t ( s p e c i f i c  p r o te in )  s p e c i f ie d  i s  n o t p roduced . 
When th e  gene i s  in  th e  a c t i v e  s t a t e ,  i t s  in fo rm a tio n  i s  decoded and 
p r o te in s  ( in c lu d in g  enzymes) a re  s y n th e s iz e d . Many f a c to r s  o th e r  th a n  
th e  s t a t e  o f  a c t i v i t y  o f  t h a t  gene may in f lu e n c e  th e  amount o f  p r o te in  
s y n th e s iz e d .
M u lt ip le  m o le c u la r  form s of an enzyme a re  c a l le d  isoenzym es 
or isozym es. A lthough h e te r o g e n i ty  o f  l a c t a t e  dehydrogenase was f i r s t  
re c o g n ize d  by M e is te r  (1950) and N e ilan d s  (1 9 5 2 ), th e  term  "isozym es" 
was f i r s t  employed by H u n te r and M arkert (1 9 5 7 ); th ey  showed th a t  
s e v e ra l  p r o te in s  in  th e  same t i s s u e  hav ing  id e n t i c a l  enzym atic  a c t i v i t y  
cou ld  be  s e p a ra te d  by e le c t r o p h o r e s i s .
Isozym es c o n ta in  a t  l e a s t  two p o ly p e p tid e  c h a in s  w hich w i l l  
c a ta ly z e  th e  same r e a c t io n .  L a c ta te  dehydrogenase , one o f th e  f i r s t
isozym es to  b e  s tu d ie d  i n t e n s iv e ly ,  e x i s t s  in  f iv e  m ajor form s in  th e  
t i s s u e  o f  th e  r a t  (L eh n in g e r, 1970 ). A lthough a l l  isozym es c a ta ly z e  
th e  same r e a c t i o n ,  th e y  may have d i f f e r e n t  Km v a lu e s  f o r  th e  s u b s t r a t e .
L iv in g  c e l l s  must have a c c u ra te ly  programmed mechanisms f o r  
r e g u la t in g  th e  r e l a t i v e  amount o f d i f f e r e n t  k in d s  o f  p ro te in  t h a t  a r e  
s y n th e s iz e d . M oreover, th e  r e g u la t io n  o f  th e  amount and k in d s  o f 
enzyme s y n th e s is  p ro v id e s  " c o a rse "  c o n tro l  ov er m etabo lism  of th e  
o rgan ism  and r e g u la to r y  enzymes p ro v id e  " f in e "  c o n t r o l .  R e g u la tio n  
o f p r o te in  s y n th e s is  i s  a l s o  im p o rta n t in  th e  p ro c e ss  o f  c e l l u l a r  
d i f f e r e n t i a t i o n ,  n o t on ly  w ith  r e p s e c t  to  th e  r e l a t i v e  amount of 
p r o te in s  m ade, b u t a ls o  to  th e  tim e and sequence o f  t h e i r  ap pearance  
d u rin g  developm en t. For t h i s  re a s o n , isozym es can s e rv e  a s  in d ic a to r s  
o f  gene a c t i v i t y  in  d i f f e r e n t  t i s s u e s  and developm en ta l s ta g e s .  B ecause 
o f th e  im p o rtan ce  o f isozym es to  m etabolism  of an o rgan ism , changes 
o f th e  isozym e p a t t e r n s  d u rin g  developm ent p ro v id e s  a s e n s i t iv e  t o o l  
fo r  th e  d e te c t io n  o f th e  m o le c u la r  changes d u rin g  th e  p ro c e ss  o f  
c e l l u l a r  d i f f e r e n t i a t i o n .
Carbohydrate M etabolism
C arb o h y d ra te  c a ta b o lism  i s  th e  main so u rce  o f  energy fo r  an 
o rgan ism . The two m ajo r c a ta b o l ic  pathw ays o f c a rb o h y d ra te  m etab o lism  
a re  (1) g ly c o ly s is  and t r i c a r b o x y l i c  a c id  c y c le  (TCA cy c le ) and (2) th e  
p e n to se  p h o sp h a te  pathw ay (P P -pa thw ay). In  a d d i t io n  to  energy  p ro d u c tio n , 
g ly c o ly s is  and th e  TCA c y c le  can a ls o  p ro v id e  s y n th e t ic  p re c u rso r s  such  
as g ly c e r o l  and a c e ty l  Co A and , som etim es, th e  re d u c in g  power needed 
f o r  l i p i d  s y n th e s i s .  Many o f th e  TCA c y c le  in te rm e d ia te s ,  e s p e c ia l l y  
a -k e to  g l u t a r i c  a c id ,  can b e  u t i l i z e d  in  th e  s y n th e s is  o f  amino a c id s .
The im portance  o f th e  PP-pathw ay i s  to  p roduce  r i b o s e ,  th e  5 -ca rb o n  
su g a r e s s e n t i a l  f o r  th e  s y n th e s is  o f DNA and RNA. A lso , reduced  
n ic o tin a m id e  ad en in e  d in u c le o t id e  p h o sp h a te  (NADPH), re q u ire d  f o r  th e  
s y n th e s is  o f  f a t t y  a c i d s , i s  p roduced  by g lu c o se -6 -p h o sp h a te  dehydro­
genase  (G6PD, EC 1 .1 .1 .4 9 )  and 6 -p h o sp h o g lu co n a te  dehydrogenase (6PGDH,
EC 1 .1 .1 .4 3 ) .
A lthough g ly c o ly s is  and TCA c y c le  w ere f i r s t  observed  in  
b a c t e r i a  and mammalian t i s s u e  p r e p a r a t io n s ,  i t  h a s  been  c l e a r ly  demon­
s t r a t e d  t h a t  o rgan ism s o f many in v e r t e b r a te  p h y la  a r e  c ap a b le  o f d e r iv in g  
t h e i r  energy  th ro u g h  t h i s  pa thw ay . However, v e ry  few o f  th e s e  enzyme 
a c t i v i t i e s  a s s o c ia te d  w ith  c a rb o h y d ra te  m etabo lism  have been demon­
s t r a t e d  f o r  scyphozoan j e l l y f i s h .
Many in v e r t e b r a te s  a r e  c ap a b le  o f l i v in g  u n d e r low oxygen 
c o n d itio n s  (Hammen, 1969; S az , 1971; Hochachka and M u sta fa , 1972).
The energy  a c q u ire d  by th e s e  an im a ls  i s  th ro u g h  f a c u l t a t i v e  a n a e ro b io s is  
w hich d i f f e r s  from  th e  m a jo r en erg y  p ro d u c tio n  system  (TCA c y c le )  
a lth o u g h  some o f th e  r e a c t io n s  o f  in te rm e d ia ry  m etabo lism  a re  c a ta ly z e d  
by enzymes common to  b o th  pa th w ay s. Under an o x ic  c o n d it io n s ,  th e  
breakdown o f g lu c o se  to  p h o sp h o en o lp y ru v a te  (PEP) i s  s im i la r  to  th a t  
in  th e  p ro c e ss  o f g l y c o ly s i s ,  b u t th e  f a t e  o f  PEP i s  d i f f e r e n t .  PEP 
can e i t h e r  be  c h a n n e lle d  to  p y ru v a te  th ro u g h  p y ru v a te  k in a s e  (PK, EC 
4 .1 .1 .4 0 )  and th e n  c o n v e r ted  i n to  l a c t a t e  o r  m a la te  o r  PEP can be 
co n v erted  in to  o x a lo a c e ta te  d i r e c t l y  th ro u g h  th e  a c t io n  of phosphoenol­
p y ru v a te  ca rb o x y k in ase  (PEPCK, EC 4 .1 .1 .3 2 ) .  D uring  a n a e ro b io s is ,  th e  
organism  does n o t r e q u i r e  i t s  norm al e le c t r o n  t r a n s p o r t  system  and 
i t s  energy  i s  d e r iv e d  from  s u b s t r a t e  p h o s p h o ry la tio n . B ecause th e  
s e s s i l e  scyph istom ae  o f  scyphozoan j e l l y f i s h  i s  c ap a b le  of l iv in g  under
a  low oxygen c o n d it io n ,  th e  mechanism o f en erg y  t r a n s fo rm a tio n  f o r  
d r iv in g  i t s  m etam orphic p ro c e ss  i s  o f g r e a t  i n t e r e s t .
The p re sen c e  o f  g lu c o se -6 -p h o sp h a te  dehydrogenase  and 6- 
pho sp h o g lu co n a te  dehydrogenase  i s  a  s tro n g  in d ic a t io n  o f  th e  p re se n c e  
o f PP-pathw ay (Hollm an, 1964). In  t h e i r  s tu d y  o f th e  enzymes o f g lu c o se  
m etabo lism  in  Hydsva ZZdU.Oft.aLLA, R u th e rfo rd  and L enhoff (1969) d id  n o t 
d e te c t  th e  p re sen c e  o f 6PGDH. They su g g es te d  t h a t  PP-pathw ay was n o t 
o p e ra t iv e  in  Hydfta and th a t  r ib o s e  i s  made from  f ru c to s e -6 -p h o s p h a te  
and g ly c e ra ld e h y d e -3 -p h o sp h a te  th ro u g h  th e  r e a c t io n  o f t r a n s a ld o la s e  
and t r a n s k e to s e  a s  an a l t e r n a t i v e  to  th e  P P -pathw ay. They a ls o  showed 
th e  p ro d u c t o f  G6PDH, 6 -ph o sp h o g lu co n ic  a c id ,  was degraded  by a phos­
p h a ta se  to  g lu c o n a te  and in o rg a n ic  p h o sp h a te . S tew art (1972) showed 
b o th  a c id  and a lk a l in e  p h o sp h a ta se  a re  p re s e n t  in  th e  medusa o f Chft.yACLOH.CL 
qtilnque.cUftft.ka. Pow ers, L e n h o ff , and Leone (1968) in v e s t ig a te d  th e  
p re se n c e  o f  G6PDH and 6PGDH in  21 c n id a r ia n  and 1 c ten o p h o re  s p e c ie s .  
A lthough a l l  p o s se ss  a h ig h  G6PDH a c t i v i t y ,  no 6PGDH a c t i v i t y  in  th e  
seven  s p e c ie s  o f Hydfta was found . Among th e  th r e e  scyphozoan s p e c ie s  
s tu d ie d ,  Caft.ybd.za s p . ,  CctAAZopza s p . ,  and MaALcgZai s p . , o n ly  Caftybdza  
has 6PGDH. B lan q u et (1972) re p o r te d  t h a t  th e r e  i s  an in c re a s e  o f G6PDH 
in  co ld  a cc lim a te d  scyph istom ae o f  ChftyAaofta qvu.nquzcUftft.ha. He a ls o  
cou ld  n o t d e te c t  th e  p re sen c e  o f  6PGDH and concluded  t h a t  th e  p re sen c e  
o f PP-pathw ay in  j e l l y f i s h  i s  an open q u e s t io n .  O ther a s p e c ts  o f 
c a rb o h y d ra te  m etabo lism  a ls o  need to  be r e s o lv e d .
I d e n t i f i c a t i o n  and G eo g rap h ica l D i s t r i b u t io n
In order to  work s c i e n t i f i c a l l y  on an organism , one has to  
know th e  ex a ct sp e c ie s  to  which i t  b e lo n g s . Because scyphozoan  
scyphistom ae are d i f f i c u l t  to  id e n t i fy  p r e c is e ly  usin g  m orphological
c h a r a c t e r i s t i c s  a t  th e  g ro s s  l e v e l ,  th e  p r e c i s e  i d e n t i t y  o f scyphistom ae 
i s  a s c e r ta in e d  by c u l tu r in g  th e  ephy rae  r e le a s e d  u n t i l  th ey  develop  
in to  m edusae. T h is  method r e q u i r e s  tim e  consum ing la b o ra to ry  c u l tu r in g  
te c h n iq u e s .
C ald er (1971) u t i l i z e d  n em ato cy s ts  a s  a  to o l  to  i d e n t i f y  
th r e e  C hesapeake Bay scyphozoan scy p h is to m ae , ChAy&UOM quXftqu2.CAM.ha., 
AuAzLLa. auJiita. and Cya.ft.za. zocpLttaXa. He found th a t  nem atocyst com­
p lem en ts  w ere d i f f e r e n t  in  th e  scy p h is to m ae  o f  th r e e  scyphozoans o f  
Chesapeake Bay (T ab le  1 ) .  AuA.zLLa. h av in g  " a ” a t r i c h s  and p o ly s p i r a s ,  
CyaftZO. h av in g  "a"  a t r i c h s  and "a"  a t r i c h s ,  and ChA.yAaoM hav ing  "a"  
a t r i c h s  o n ly . He a ls o  in d ic a te d  t h a t  th e r e  i s  a l im i t a t i o n  to  th e  
u se  o f n em ato cy sts  as  a  t o o l  f o r  i d e n t i f i c a t i o n  o f scyphistom ae b e ca u se , 
in  some c a s e s ,  th e  nem ato cy st complement changes d u rin g  th e  d i f f e r e n t  
s ta g e s  o f  scyp h is to m a. S ince  sm a ll scyp h is to m ae  ( e ig h t  o r  few er 
t e n ta c le s )  o f AuA qXao. o c c a s io n a l ly  la c k  p o ly s p ir a s  and Cyayiza. 
scyphistom ae do n o t have "a"  a t r i c h s ,  b o th  scyph istom ae cou ld  be e a s i l y  
m is tak en  f o r  ChA.y&a.0M. B u rn e tt  and Gould (1971) used an im m unological 
a ssay  to  d i f f e r e n t i a t e  scy p h is to m ae  o f  ChA.yAa.OM and AuAzUla from th o se  
o f Cyayiza.. However, b e ca u se  ChA.y&a.OM and AuA qXao. o ccu r in  sp r in g  and 
summer in  Chesapeake Bay and Cyanza. a re  c o l le c te d  in  th e  w in te r  and 
e a r ly  s p r in g ,  th e  im m unod iffusion  p ro c e d u re  i s  a ls o  l im i t e d .
Jo se p h , S chm id t, and Z ubkoff (1971) d e te c te d  a  s l i g h t  d i f f e r e n c e  
in  th e  n e u t r a l  l i p i d  co m p o sitio n  of ChAy&acM  scyph istom ae  from  AuA zZao. 
and Cyanza scyph istom ae u s in g  th in  l a y e r  chrom atography. U ndoub ted ly , 
an a ssay  based  on p r o te in  would be more r e l i a b l e .
M orales-A lam o and Haven (1974) observ ed  th a t  scyph istom ae o f 
AuAzZXa OJJJlAta. from  Woods H o le , M a ssa c h u se tts  and Canada have a c ru ic ifo rm
TABLE 1
D if fe re n c e s  in  n em atocyst complement in  th e  scyphistom ae o f  Chesapeake
kuJioJLLa Chfui&apfia
nem atocyst
complements la rg e *  sm a ll la rg e *  sm all
"a"  a t r i c h s  + + + +
"a"  a t r i c h s  -  -
p o ly s p ir a  + -  -  -
*scyphistom ae hav ing  more th a n  e ig h t  t e n ta c le s
Bay j e l l y f i s h  (C a ld e r , 1971).
Cyanza 
la rg e *  sm all
+ +
+
h
C
m outh w h ile  th o s e  c a p tu re d  from Chesapeake Bay, D elaw are Bay and G ulf 
o f M exico have a  c i r c u l a r  m outh. They su g g ested  th a t  te m p e ra tu re  may 
have an  e f f e c t  f o r  t h i s  d i f f e r e n c e .  In  a s tu d y  o f th e  f r e e  amino a c id  
p o o l a v a i l a b le  f o r  o sm o re g u la tio n , Webb, Schimpf and Olmon (1972) found 
g ly c in e  i s  th e  m o s t. c o n c e n tra te d  f r e e  amino a c id  in  scy p h is to m ae  o f  
kuJizLLa and CkntfAaotoL w hereas th e  c o n c e n tra tio n  o f  f r e e  amino a c id s  i s  
more e v en ly  d i s t r i b u t e d  in  Cyanza. They a lso  re p o r te d  t h a t  3 -a la n in e  
c o n s t i t u t e s  a m ajo r f r a c t i o n  o f kuJieJLLa scyphistom ae o f C hesapeake Bay 
and i s  la c k in g  in  scyph istom ae o b ta in e d  from Woods H ole . C a ld e r found 
t h a t  th e  nem atocyst complement i s  d i f f e r e n t  in  C hesapeake Bay and Woods 
H ole scy p h is to m ae : th e  Woods Hole Au/izLLa scyph istom ae have two nem ato­
c y s t  ty p e s ,  "a"  a t r i c h s  and m ic ro b a s ic  h e te r o t r ic h o u s  e u r y t e l e s ,  b u t  
th e r e  i s  an a d d i t io n a l  ty p e  o f n em ato cy s t, p o ly s p i r a ,  p r e s e n t  in  th o se  
o f C hesapeake Bay (Webb, Schimpf and Olmon, 1972). Chapman (1968 ,
1970) r e p o r te d  t h a t  AU A ztta  scyph istom ae from England and Sweden form  
p o d o c y s ts ; t h i s  phenomenon h as  n o t been  observed  in  AuJioJLLa from  
Chesapeake Bay. R u s s e l l  (1970) a ls o  s ta t e d  t h a t  th e re  i s  a m o rp h o lo g ica l 
d i f f e r e n c e  betw een kvJizlLia. scyph istom ae of d i f f e r e n t  l o c a l e s .  I t  i s  o f 
g r e a t  i n t e r e s t  to  i n v e s t ig a te  w h e th er th e re  i s  any d i f f e r e n c e  in  
isozym e p a t t e r n s  in  kuhzSUjL scyph istom ae o b ta in e d  from d i f f e r e n t  geo­
g ra p h ic a l  lo c a t io n s .
A lthough  th e r e  a re  s e v e ra l  ways to  d i s t i n g u i s h  th e  scyph istom ae  
o f  d i f f e r e n t  s p e c ie s  o f  Chesapeake Bay j e l l y f i s h e s ,  each  m ethod h a s  i t s  
l i m i t a t i o n s .  T h e re fo re , i t  would be o f g re a t  u t i l i t y  to  d ev e lo p  a  sim p le  
and ra p id  b io c h em ica l p ro ced u re  w hich would d i f f e r e n t i a t e  th e  scyph istom ae  
o f Chesapeake Bay j e l l y f i s h e s .
SECTION I  MALATE DEHYDROGENASE ISOZYMES OF DIFFERENT STAGES OF 
CHESAPEAKE BAY JELLYFISH
The d ev elopm en ta l p ro c e ss e s  o f  th e  m etazoans have  lo n g  been  
c h a r a c te r iz e d  a s  a tem p o ra l p ro g re s s io n  o f  in d iv id u a l  s ta g e s  in  th e  
o rg an ism s’ l i f e  c y c le . I n m o s t  in s ta n c e s ,  d i s c r e t e  s t r u c t u r a l  m arkers 
a re  used  to  d e l im i t  th e  v a r io u s  s ta g e s  o f th e  l i f e  c y c le .  M ore 
r e c e n t ly ,  in  model system s of developm ent, b io c h e m ic a l c h a r a c t e r i s t i c s  
have been  r e l a t e d  to  s ta g e s  o f grow th and developm ent ( K i l l i c k  and 
W rig h t, 1974; Loom is, 1975). The c o e l e n t e r a t e s , th e  s im p le s t  AvimoJLLa. 
(W h itta k e r , 1969; M a rg u lis , 197 1 ), p o s se ss  an  e lem en ta ry  l e v e l  of 
t i s s u e  o rg a n iz a t io n  and a  c a p a c ity  to  undergo m etam orphosis ( s t r o b i l a t i o n ) . 
For d ev e lo p m en ta l s tu d ie s  and o b s e rv a tio n s  on th e  p ro c e s s e s  o f t i s s u e  
d i f f e r e n t i a t i o n ,  th e  scyphozoans r e p r e s e n t  a  u n iq u e  s ta g e  in  th e  
e v o lu t io n  o f th e  an im al kingdom.
Isozym es a re  p ro b a b ly  im p o rtan t in  r e g u la t in g  t i s s u e  f u n c t io n ,  
and s tu d ie s  o f th e s e  may p ro v id e  in fo rm a tio n  on th e  m o le c u la r  b a s i s  o f 
c e l l u l a r  d i f f e r e n t i a t i o n  (W h itt, 1975). C o n s id e ra b le  work has been  done 
on isozym es i n  v e r t e b r a t e s .  I n v e s t ig a t io n s  o f th e  ontogeny o f  th e  most 
e x te n s iv e ly  s tu d ie d  enzyme, l a c t a t e  dehydrogenase  (LDH, EC 1 .1 .1 .2 7 ) ,  
have b een  rev iew ed  by M asters  and Holmes (1972) . W hile  th e  e v a lu a t io n  
o f  gene s t r u c t u r e ,  fu n c t io n  and r e g u la t io n  have b een  rev iew ed  by 
M a rk e rt , S h a k le e , and W h itt (1 9 7 5 ). The enzyme o f  i n t e r e s t  in  t h i s  
s tu d y , m a la te  dehydrogenase (MDH, EC 1 .1 .1 .3 7 )  h as  been  s tu d ie d  in  a
12
few d ev e lo p in g  embryos o f  v e r t e b r a t e s .  No change in  MDH o c c u rs  i n  
d ev e lo p in g  c h ic k  l i v e r  and h e a r t  (G re e n f ie ld  and B o e l l ,  1 9 7 0 ). ChLanges 
in  isozym es o f MDH have been  observed  in  d e v e lo p in g  f i s h  (Nakano and 
W h ite ly , 1965; S h ak lee , Champion, and W h itt ,  1973) and f r o g  (MacBride 
and Guttm an, 1973).
Only a  v e ry  l im ite d  number o f  isozym e s tu d ie s  have  been 
u n d e rta k en  in  th e  developm ent o f i n v e r t e b r a te s .  The change o f MDH 
isozym e p a t te r n s  o f th e  s e a  u rc h in ,  Moa.CA.CL punctu&CLta. (E ch inoderm ata) , 
d u rin g  th e  d ev elopm en ta l p ro c e sse s  has been  e x te n s iv e ly  s tu d ie d  (Moore 
and V i l l e e ,  1961, 1962, 1963a, 1963b; B i l l i a r ,  B rum gard, and V i l le e ,
1964; B i l l i a r ,  Z e lew sk i, and V i l l e e ,  1966; F ra n c e sc o n i and V i l l e e ,
1967; V i l l e e ,  1968). O zaki and W h ite ley  (1970) o b serv ed  a  q u a n t i t a t i v e  
change o f  MDH d u rin g  th e  developm ent o f a n o th e r  s e a  u r c h in ,  SthOYlQylo- 
CJLW&WtlXb puApuAatlLi, b u t th e  MDH isozym e p a t t e r n  rem ained  th e  same 
d u r in g  em bryonic developm ent. Zee and Zinkham (1968) o b se rv ed  a s h i f t  
o f MDH isozym e p a t te r n s  in  At>C£UvLl> 4UOW1 (P la ty h e lm in th e s )  d u rin g  
developm ent. M eize l and M ark ert (1967) observed  q u a n t i t a t i v e  but not 
q u a l i t a t i v e  changes o f MDH isozym e p a t t e r n  d u r in g  th e  developm ent of 
th e  m arine s n a i l ,  IZyana^&a. ob&oZzta. (M o llu sa ).
In  th e  C n id a r ia , d r a s t i c  s t r u c t u r a l  changes o ccu r d u rin g  
s t r o b i l a t i o n .  These a re  undoub ted ly  p receded  by changes in  gene 
a c t i v i t y ,  m e ta b o lic  pathw ays, and b io s y n th e t ic  m echanism s. To d a te ,  
th e  b io c h em ica l developm ent o f scyphozoan j e l l y f i s h . ,  l i k e  t h a t  of o th e r  
m arine  i n v e r t e b r a te s ,  h as  n o t been  v ig o ro u s ly  in v e s t ig a te d .  O b se rv a tio n s  
on m e ta b o lic  a c t i v i t i e s  and isozym e p a t te r n s  d u rin g  th e  developm ent o f  
scyphozoan j e l l y f i s h  have n o t been  p u rsu ed . The p u rp o se  o f t h i s  s tu d y
was to  I n v e s t i g a t e  th e  MDH isozym e p a t t e r n  as  a  m odel system  f o r  p ro b in g  
th e  b io c h e m ic a l developm ent o f  d i f f e r e n t  s ta g e s  o f Chesapeake Bay 
j e l l y f i s h :  AuJiatCa aanJXa, ChAy&aoAa quuCnqu2.alnA.l1a , and Cyanaa aap illcu ta .
MATERIALS AND METHODS
Medusae o f  AUJlzLCol and ChAyACLOtia. used  in  t h i s  s tu d y  w ere 
c o l le c te d  from  th e  York R iv e r ,  V i r g in i a  n e a r  th e  V i r g in i a  I n s t i t u t e  
o f M arine S c ien ce  in  th e  summer o f  1972. CyOLVKLO. m edusae w ere c o l­
le c te d  d u rin g  th e  p re v io u s  w in te r  seaso n  from  th e  same lo c a t io n .
Scyphistom ae used  in  t h i s  s tu d y  w ere r a i s e d  from  p la n u la e  
i s o la te d  from  known medusae (C a ld e r , 1971). C u ltu re s  o f hVtzU jX  and 
C h /iy iaom  w ere m a in ta in ed  a t  room te m p e ra tu re  (1 9 -2 1 °C) and th o s e  o f 
Cyanza  a t  e i t h e r  5°C o r 15°C. Scyphistom ae m a in ta in ed  in  f i l t e r e d  
York R iv e r  w a te r  ( s a l i n i t y ,  19-21 o /oo ) w ere fed  n a u p l i i  o f new ly- 
h a tch ed  A/utzmla B atina, once a  week. P la n u la e  o f Cycwiza. and kuSizJLLd 
w ere o b ta in e d  a f t e r  p la c in g  f e r t i l i z e d  eggs ta k en  from  m atu re  medusae 
in to  c u l tu r e .  In  th e  c a se  o f  Cktiy&CLOfiCL, m ale and fem ale  medusae w ere 
p u t in  th e  same aquarium  o v e rn ig h t  and f e r t i l i z e d  eggs w ere c o l le c te d  
from th e  bo ttom  o f th e  c o n ta in e r .  Crude e x t r a c t s  o f  d i f f e r e n t  s ta g e s  
(T ab le  2) w ere p re p a re d  in  3% (w /v) su c ro se  in  0 .004  M T r i s -  0 .038 M 
g ly c in e  b u f f e r  (pH 8 .3 ) .
In  o rd e r  to  d e te rm in e  w h e th er th e  observed  d i f f e r e n c e s  w ere 
in  m ito c h o n d ria l o r c y to p la sm ic  MDH, m ito c h o n d ria  w ere p re p a re d  from  
kvJuzZJLa, and Chhjy&aona medusae w hich have an MDH isozym e p a t t e r n  v e ry  
s im i la r  to  th e  scy p h is to m ae . The t e n t a c l e s  and o r a l  arms o f th e  f r e s h  
medusae w ere mixed w ith  0 .6  M s u c r o s e - T r is - g ly c in e  b u f f e r ,  pH 8 .3  
(1 :1 ,  w /v ). A f te r  th e  hom ogenate was c e n tr ifu g e d  a t  2000 x g f o r  f iv e
TABLE 2
Homogenates o f  l i f e  s ta g e s  o f  C hesapeake Bay j e l l y f i s h .
O rganism
kuAeJLia
aivUta
Chh.y&a.oML
qiU.nque.CAJiA.ka
Cyan&a
a a p ltta ta
L if e  S tage* Numberf
yg o f  p r o te in  in
p la n u la (7) 20-40 40-60
scy p h is to m a (30) 7-9 20-30
s t r o b i l a (4) 6-9 20-30
medusa t i s s u e (30) <1 100-200
p la n u la n o t a v a i la b le
scy p h is to m a (41) 7-9 20-30
s t r o b i l a (16) 6-9 20-30
ep h y ra (11) 20-40 10-25
c y s ts (18) 40-60 120-340
m edusa t i s s u e (30) <1 100-200
p la n u la (14) 60-80 40-60
p la n u lo c y s ts (7) 40-60 120-200
scy p h is to m a (23) 15-20 20-30
m edusa t i s s u e (12) <1 100-200
*Number i n  p a re n th e s e s  i n d ic a te s  number o f hom ogenates p re p a re d . 
tNumber o f  o rg an ism s in  each  hom ogenate.
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m in u te s , th e  su p e rn a ta n t was removed and th e  p r e c i p i t a t e  d is c a rd e d .
The 2000 x g s u p e rn a ta n t was f u r th e r  c e n tr i f u g e d  in  a  S o r v a l l  c e n t r i ­
fu g e  a t  7000 x  g f o r  30 m in u te s , th e  s u p e r n a ta n t  was d is c a rd e d ,  and 
th e  p r e c i p i t a t e  (m ito ch o n d ria  f r a c t io n )  re su sp e n d ed  in  f r e s h  su c ro se  
b u f f e r  and c e n tr i fu g e d  a g a in . A f te r  t h i s  w ash ing  p ro c e s s  had been  
re p e a te d  fo u r  t im e s , th e  m ito c h o n d ria  f r a c t i o n  was hom ogenized w ith  
3% s u c r o s e -T r is - g ly c in e  b u f f e r .  P r o te in  was d e te rm in e d  by th e  method 
of Lowry, R osebrough, F a r r  and R a n d a ll (1 9 5 1 ).
P o ly acry lam id e  g e l  e le c t r o p h o r e s i s  in  a  v e r t i c a l  c e l l  
(B u ch ler In s tru m e n ts , USA) u s in g  7.5% g e l  made w i th  a c ry lam id e  (Eastm an) 
and T ris-H C l TEMED b u f f e r  syste i^  pH 8.9, was p e rfo rm ed  (D a v is , 1964).
A ll  g e ls  w ere polym erized  w ith  ammonium p e r s u l f a t e  r a t h e r  th a n  p h o to ­
p o ly m e r iz a tio n . A f te r  th e  hom ogenates w ere c e n t r i f u g e d  a t  2000 x g f o r  
10 m in u te s , th e  crude e x t r a c t s  w ere a p p lie d  d i r e c t l y  to  th e  to p s  o f 
th e  g e ls  w ith o u t th e  a id  o f  sp a c e r  g e l s .  E le c t r o p h o r e s is  was perform ed 
a t  5 mA p e r  g e l  in  a w a te r-c o o le d  c e l l  ( u s u a l ly  2 -3  h o u rs) w ith  bromo- 
pheno l b lu e  a s  th e  e le c t r o p h o r e s is  dye m ark e r.
To s tu d y  th e  coenzyme dependence o f MDH, e i t h e r  2 mg o f 
n ic o tin a m id e -a d e n in e  d in u c le o t id e  (NAD+) o r  0 .5  mg o f n ic o tin a m id e -  
a d e n in e -d in u c le o tid e -p h o s p h a te  (NADP-*") was added to  50 ml o f  g e l ,  and 
e i t h e r  30 mg o f  NAD+ o r  10 mg of NADP+ was added to  300 ml o f T r i s -  
g ly c in e ,  pH 8 .3 ,  in  th e  cathode cham ber. In  th e  s t a i n in g  s o lu t io n s ,  
e i t h e r  33 mg o f NAD”*1 o r  5 mg of NADP* was u sed  in  50 ml o f s o lu t io n .  
S ta in in g  s o lu t io n s  w ere made w ith in  15 m in u te s  b e f o r e  u se  (B rew er,
1970). The s ta in in g  system  of e l e c t r o p h o r e s i s  r e q u i r e s  re d u c in g  power 
to  red u ce  a s e r i e s  o f  chem icals and f i n a l l y  form  a  b lu e  band in  th e  g e l  
w h ich  i d e n t i f i e s  th e  p o s i t io n  o f NADH coup led  enzymes (F ig u re  2 ) .  The
F ig u re  2. S ta in in g  r e a c t io n s  f o r  NAD* (M odified  from B rew er, 
1970).
M alate O xaloaceta te
NAD NADH + H
Reduced O xid ized
p h en az in e  m e th o s u lfa tep h en az in e  m e th o su lfa te
O xidized
N itro  B lue T e trazo liu m
Reduced 
N itro  B lue T e tra z o liu m
(yellow ) (b lu e )
d e te c t io n  o f g lu c o s e -6-p h o sp h a te  dehydrogenase (_G6;P.D, EC 1 .1 .4 9 )  was 
e s s e n t i a l l y  th e  same a s  t h a t  f o r  MDH and th e  s t a i n  was p re p a re d  
a cc o rd in g  to  Brew er (1970). (F or d e t a i l s ,  see  C hap ter 2 ) .  A f te r  
e l e c t r o p h o r e s i s ,  g e ls  w ere in c u b a te d  in  th e  d a rk  a t  room te m p e ra tu re  
u n t i l  sh a rp  bands w ere observed  ( u s u a l ly  h ~ l h o u r) . The r e l a t i v e  
m o b i l i ty  o f  th e  band i s  de term in ed  by th e  d is ta n c e  t r a v e le d  by th e  
band d iv id e d  by th e  d is ta n c e  t r a v e le d  by th e  dye m ark er.
RESULTS
kxKaJLLa. ajxnJjta.
MDH isozym e p a t t e r n s  o f  Au/ieLLa. a re  shown in  F ig u re  3. T here  
i s  l i t t l e  d i f f e r e n c e  in  MDH isozym e p a t t e r n s  among p la n u la e ,  scy p h is to m ae , 
s t r o b i l a e ,  and m edusae. When m ito c h o n d ria  a re  h a rv e s te d  and washed 
f r e e  of th e  s o lu b le  f r a c t i o n  o f th e  c e l l ,  th e  f a s t e r  m ig ra t in g  MDH 
bands (0 .3 9 ,  0 .4 3 ) a r e  d e te c te d ,  b u t  th e  s lo w er moving bands a re  n o t 
(F ig u re  4 ) .  These r e s u l t s  a re  s im i la r  to  th o s e  o f Grimm and D oherty  
(1961) who d e m o n stra ted  t h a t  th e  MDH o f b e e f  h e a r t  e x i s t s  i n  two fo rm s: 
c y to p la sm ic  and m ito c h o n d r ia l .  A lthough t h i s  MDH isozym e p a t t e r n  d i f f e r s  
from  th a t  o f  m ost o rgan ism s in  w hich th e  m ito c h o n d r ia l  MDH moves more 
slo w ly  tow ard  th e  anode th a n  th e  c y to s o l  MDH, i t  i s  s im i la r  to  t h a t  
f o r  tu n a  ( K i t to  and L ew is, 1 9 6 7 ), th e  m arine  s n a i l ,  TZ.ycv/lCUi£>a. ob&otztOL 
(M eizel and M a rk e r t , 1967) and th e  sea  u r c h in ,  S&U)yigy-too.eM&io£uA 
pu/ipuAQJUA (O zaki and W h ite le y , 1970). A lthough  no d i f f e r e n c e s  o f th e  
m ito c h o n d r ia l  MDH (0 .3 9  and 0 .4 3 ) w ere observ ed  among p la n u la e ,  s t r o b i l a e ,  
and m edusae, th e  p la n u la e  do p o s se s s  an a d d i t io n a l  slow  moving band 
(0 .2 5 )  w hich  i s  la c k in g  in  th e  o th e r  polym orphs. The o n ly  d e te c ta b le  
d i f f e r e n c e  among th e  s t r o b i l a e  i s  th e  p re se n c e  of two t r a c e  bands w hich 
a re  n o t d e te c te d  in  any o th e r  s ta g e .  Of th e  30 AuA zZXcl medusae s tu d ie d ,  
two k in d s  o f MDH isozym e p a t t e r n s  w ere o b se rv ed : th e  isozym e p a t t e r n
o f th e  m edusa i n  w hich an a d d i t io n a l  0 .31  band i s  p re s e n t  (F ig u re  3) 
r e p r e s e n ts  20 o f  th e  AUA.2JU.CL medusa p o p u la tio n  s tu d ie d  w hereas th e
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F ig u re  3. MDH isozym e p a t t e r n s  o f d i f f e r e n t  s ta g e s  o f  
AuAeXta aunlta .
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F ig u re  4. M ito c h o n d ria l MDH Isozym e p a t t e r n s  o f kuJizLia.
au/isLtCL m edusae from  th e  Chesapeake Bay. L e f t :  
w hole t i s s u e  hom ogenate; R ig h t: m ito c h o n d r ia l
f r a c t i o n .
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o th e r  10 medusae have th e  same isozym e p a t t e r n  as th e  scy ph istom ae . 
A lthough ep h y rae  w ere  n o t  a n a ly z e d  due to  a  la c k  o f m a te r i a l ,  t h e i r  
MDH isozym e p a t t e r n s  would u n d o u b ted ly  be th e  same as  t h a t  o f th e  
scyph istom ae and m edusae.
Chfiy&aona. quZnqazcAAnha
The MDH isozym e p a t t e r n  o f d e v e lo p in g  Ch/iy&CLOtUl i s  shown in  
F ig u re  5. U sing  30 in d iv id u a l  m edusae, th e r e  was no h e te ro g e n i ty  
found in  th e  p o p u la t io n .  Changes have o c cu rred  th ro u g h  th e  developm ent 
o f Ch/iy&aoftjCL. The o n ly  d i f f e r e n c e  betw een scyph istom ae and s t r o b i l a e  
i s  t h a t  th e  s t r o b i l a e  have a  slow-m oving band ( 0 .1 9 ) .  W hether t h i s  
0 .19  band i s  due to  d i s s o c i a t i o n  o f  th e  0 .21  b an d , o r  i s  a band un ique  
to  th e  s t r o b i l a e ,  i s  unknown a t  t h i s  tim e . D uring th e  ephy ra  s ta g e ,  
th e  in te rm e d ia te  m ig ra t in g  bands (0 .3 1 , 0 .3 3 , 0 .37  and 0 .4 0 ) show a 
d e c re a se  in  t h e i r  a c t i v i t i e s .  The 0 .4 0  band w hich i s  in te n s e  in  th e  
scyph istom ae can  be o b serv ed  o n ly  a s  a t r a c e  band in  th e  ep h y rae ; th e  
0 .33  band o f th e  scy p h is to m ae  i s  n o t observ ed  in  th e  ep h y rae . There 
i s  a  f u r t h e r  r e d u c t io n  in  th e  a c t i v i t i e s  o f th e  in te rm e d ia te  m ig ra tin g  
bands c l e a r l y  o b serv ed  in  th e  scyp h is to m ae  and s t r o b i l a e :  on ly  th e  0 .40
band can be o b se rv e d , w hereas th e  o th e r  th r e e  bands (0 .2 9 , 0 .33  and 0 .37 ) 
a re  a b se n t. In  th e s e  fo u r  s t a g e s ,  scy p h is to m ae , s t r o b i l a e ,  ep h y rae , 
and m edusae, th e  m ajo r bands a re  a t  0 .5 3  and 0 .5 4 . In  m edusae, th e  
0 .4 0 , 0 .53 and 0 .5 4  bands a r e  th e  m ito c h o n d r ia l  MDH and 0 .21  and 0 .22  
bands a re  MDH o f  th e  c y to s o l .  In  a d d i t io n  to  th e  lo s s  o f th e  in te rm e d ia te  
m ig ra tin g  bands ( i n  p ro g re s s in g  from  scyph istom ae  to  th e  m ed u sae), th e re  
i s  a lso  an in c r e a s e  i n  th e  a c t i v i t i e s  o f th e  c y to s o l  MDH (0 .2 1  and 0 .22  
bands) in  th e  m edusae. T hus, th e r e  i s  a  s h i f t  from  many MDH isozym es
F ig u re  5. MDH isozym e p a t t e r n s  o f  d i f f e r e n t  s ta g e s  
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M E D U S A
i n  th e  scyphistom ae to  few er isozym es i n  th e  m edusae d u rin g  m etam orphosis. 
In  p o d o c y s ts , th e  slow  m ig ra t in g  d o u b le t  (0 .2 1 -0 .2 2 )  a s s o c ia te d  w ith  
th e  c y to s o l  p red o m in a te s ; th e  o th e r  Bands p r e s e n t  in  th e  scyph istom ae  
and medusae a re  n o t d e te c te d .
At t im e s , b o th  re d -p ig m e n te d  and w h ite -p ig m e n te d  Ch/iy&aoJUl 
medusae o ccu r. A lthough we s u s p e c t  t h a t  t h i s  p ig m e n ta tio n  i s  due to  
g e n e t ic  d if f e r e n c e  a n d /o r  th e  in f lu e n c e  o f  en v iro n m e n ta l f a c to r s  such 
a s  food and l i g h t ,  th e  same MDH isozym e p a t t e r n  i s  o b serv ed  in  b o th  
w h ite  and red  Chxy&aQHjOL medusae p o p u la t io n s .
Cyan&a o.a.'pWLata.
The medusae o f Cyayi2.a have th e  same MDH isozym e p a t t e r n  as 
th e  scyphistom ae (F ig u re  6) ,  b u t  th e r e  i s  an in c re a s e d  a c t i v i t y  
a s s o c ia te d  w ith  th e  slow  moving b a n d s . Twelve in d iv id u a l  m edusae w ere 
used  and th e re  was no h e te r o g e n e i ty  o b serv ed  in  th e  p o p u la t io n . A lthough 
th e  p la n u la e  and p la n u lo c y s ts  o f  Cyane.0L have th e  same isozym e p a t te r n s  
as th e  scy p h is to m ae , th e r e  i s  a l s o  a s h i f t  in  th e  i n t e n s i t y  o f  th e  
f a s t  and slow m ig ra tin g  b an d s. The slow  m ig ra t in g  bands a re  th e  
dom inant form and on ly  a t r a c e  amount o f  th e  f a s t  moving band e x i s t s  
in  th e  p la n u la e  and p la n u lo c y s ts .  T h is  t r a n s i t i o n  o f MDH isozym e 
dominance from p la n u lo c y s ts  to  scy p h is to m ae  i s  c l e a r ly  d em o n stra ted  
in  th e  newly emerged scy p h is to m ae : th e  0 .2 5  isozym e t r i p l e t  i s  a s
in te n s e  as th e  0 .5 0  band w h ich  i s  dom inant in  aged scy p h is to m ae .
In  c o n t r a s t  to  MDH isozym e p a t t e r n s  w hich a re  summarized in  
T ab le  3 , th e  g lu c a s e -6-p h o sp h a te  d eh y d ro g en ase  (JS6PD, EC 1 .1 .1 .4 9 )  o f 
AULfioJLLa. has on ly  one band ( 0 .2 0 ) .  The G6J?D o f ChJiy&tXQKa. and CyayiQjCl 
a ls o  has a s in g le  band (0 .2 0 )  and no change in  th e  G6PD isozym e p a t t e r n s
F ig u re  6 . MDH isozym e p a t t e r n s  o f d i f f e r e n t  s ta g e s  
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TABLE 3
Summary o f  MDH isozym e p a t te r n s  o f  d i f f e r e n t  s ta g e s  o f  C hesapeake 
Bay j e l l y f i s h e s .
P la n u la  C yst Scyphistom a S t r o b i l a  Ephyra Medusa
KjJiqJLLo.
oujjilta. (7 )* a (30) (^) b (30)
0.25 +
0.29 + + + +
0.31 +++
0.33 +++ +++ +++ +
0.36 c
0 .38 c
0 .39 ++ ++ -H- ++
0.43 ++++ +-H-+ ++++ ++++
Chjiy&aona.
qulnquzcO iA ha b (18) (41) (16) (11) (30)
0 .19 ++d -H- + +
0.21 ++d ++ + ++ + ++
0 .22 ++d ++ ++ ++ ++ ++
0.31 ++ ++ +
0.33 ++ ++
0.37 + + +
0 .40 +++ 1 M- + c
0 .53 +d -H-H- ++++ +++ ++++
0.54 +d +++ +++ ++ +++
Cyanza
c a p i t l a t a (14) (7) (23) b b (12)
0 .2 5 a ++++ ++++ + ++
0.25b +++ ++ + ++
0 .25c ++ ++ + ++
0 .5 0 c c +-H- -H-H-
a  = does n o t form
b = n o t a v a i l a b le  in  s u f f i c i e n t  q u a n t i ty  
c = t r a c e  band ap p ea rs  in  some p re p a ra t io n s  
d = in f e r r e d  (s e e  d is c u s s io n )
*Number in  p a re n th e s e s  in d ic a te s  number o f  hom ogenates p re p a re d .
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i s  o b se rv ed  d u r in g  th e  d ev e lo p m en ta l s ta g e s  o f Au/LZ&Cil, Ch/iy&aotUl, 
and C ya m a .
DISCUSSION
S t r o b i l a t i o n  o f scyphozoa i s  one o f th e  m ost pronounced 
m etam orphic changes o c c u r r in g  in  th e  an im al kingdom. R u s s e l l  (1970) 
in d ic a te d  th a t  th e  scyph istom ae  s to p p ed  fe e d in g  b e fo re  s t r o b i l a t i o n  
and th e  food r e s e rv e s  se rv ed  as  th e  energy  so u rce  f o r  t h i s  p ro c e s s .  
D uring s t r o b i l a t i o n  o f a sy n ch ro n o u sly  d ev e lo p in g  p o p u la tio n  o f AuAztZa. 
au/UXa., B lack  (1972) r e p o r te d  t h a t  th e  amount o f  DNA p e r  scyph istom a 
in c re a s e d  o v e r th e  ran g e  o f 41 to  260%, w hereas RNA and p r o te in  rem ained  
r e l a t i v e l y  c o n s ta n t .  He a ls o  re p o r te d  t h a t  th e  RNA/DNA r a t i o  dropped 
about 50% d u rin g  s t r o b i l a t i o n  in  b o th  kuJKLtLa. and Ch/LyiCbOttfL.
Changes in  isozym e p a t t e r n s  in d ic a te  gene e x p re s s io n , and 
may r e f l e c t  g e n e t ic  o r  e p ig e n e t ic  e v e n ts  ta k in g  p la c e  w i th in  th e  
organism  (W h itt , 1975). In  t h i s  s tu d y , MDH isozym e changes d u rin g  
th e  p ro c e ss  o f s t r o b i l a t i o n  a re  r e p o r te d .  In  th e  scyph istom ae  of 
ChMj&antiCL, an a d d i t io n a l  t r a c e  band (0 .1 9 )  o f th e  scyph istom ae  i s  
o b se rv ed . In  th e  scyph istom ae  o f NjJklLLo., two in te rm e d ia te  m ig ra tin g  
bands a re  found . A lthough pronounced m o rp h o lo g ica l changes occur 
d u rin g  th e  p ro c e ss  o f  s t r o b i l a t i o n ,  o n ly  a m inor d i f f e r e n c e  in  isozym e 
p a t te r n s  betw een  scyph istom ae  and s t r o b i l a e  was o b se rv ed . T h is  sm all 
change in  th e  MDH isozym e p a t te r n s  may be an i n i t i a l  s ig n a l  r e f l e c t i n g  
th e  change of m e ta b o lic  m echanisms and b io s y n th e t ic  pathw ays w hich 
may be a s s o c ia te d  w ith  m o rp h o lo g ica l t r a n s fo rm a tio n s .  A lthough 
th e  i n t e r p r e t a t i o n  t h a t  th e  ap pearance  o f  th e  new MDH isozym e i s
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p ro b a b ly  due to  th e  d e re p re s s io n  o f  th e  gene i s  fa v o re d , i t  i s  p o s s ib le  
t h a t  e i t h e r  th e  s low ing  down o f th e  r a t e  o f  d e g ra d a tio n  o f  t h a t  isozym e, 
th e  p re se n c e  o f  i n h i b i t o r s ,  o r  an e p ig e n e t ic  e v en t may change th e  
isozym e p a t t e r n s  d u rin g  developm ent. D is s o c ia t io n  o r a s s o c ia t io n  o f  
an isozym e s u b u n it  caused  by th e  b in d in g  o f  m e ta l io n s  o r  o th e r  com­
pounds w hich  changes th e  e l e c t r o p h o r e t i c  m o b il i ty  o f th a t  isozym e i s  
n o t r u le d  o u t .
The MDH isozym e p a t t e r n s  o f  d ev e lo p in g  CyanQ.a r e v e a l  q u a n t i ­
t a t i v e  b u t n o t q u a l i t a t i v e  chan g es . In  th e  fo u r  developm en ta l s ta g e s  
o f CyayiZCL s tu d ie d ,  a l l  have two groups o f bands (0 .2 5 , 0 .5 0 ) .  However, 
th e r e  i s  a  s h i f t  from th e  dom inant form s o f MDH o f th e  c y s t  to  th e  MDH 
o f th e  scy p h is to m ae  and m edusae, w ith  th e  slow m ig ra tin g  form a g a in  
d o m in a tin g  in  th e  p la n u la e .  W hether t h i s  t r a n s i t i o n  i s  due to  th e  
change in  isozym e a c t i v i t i e s ,  o r  th e  amount o f isozym e, i s  s t i l l  
unknown. U nder th e s e  c irc u m s ta n c e s , i t  i s  ap p a ren t t h a t  a l l  th e  
genes w hich a r e  r e s p o n s ib le  fo r  th e  s y n th e s is  o f th e se  isozym es a re  
a c t iv a te d  in  th e s e  d ev e lo p m en ta l s ta g e s .
The MDH isozym e p a t t e r n  changes in  d i f f e r e n t  s ta g e s  o f 
Cfoiy&aOML a r e  th e  m ito c h o n d r ia l  MDH dom inating  in  th e  scyph istom ae 
and m edusae, b u t th e  p re se n c e  o r absence and th e  r e l a t i v e  a c t i v i t i e s  
o f  c e r t a i n  isozym es c o n t r ib u te  to  i t s  co m plex ity . Only m inor d i f f e r e n c e s  
betw een scy p h is to m ae  and s t r o b i l a e  a re  observed  w ith  pronounced MDH 
isozym e p a t t e r n s  f i r s t  a p p ea rin g  in  th e  ep h y rae . The d isa p p e a ra n c e  
o f th e  0 .33  band and th e  d e c re a s in g  a c t i v i t i e s  o f  o th e r  in te rm e d ia te  
m ig ra tin g  bands a re  th e  m ajor ev id en ce  o f a  change in  th e  MDH isozym e. 
A f te r  th e  ep h y rae  m atu re  to  m edusae, th e  d if f e r e n c e  i s  more pronounced : 
th e r e  i s  o n ly  one in te rm e d ia te  m ig ra tin g  band (0 .4 0 ) in  th e  m edusae,
th e  r e s t  o f  th e s e  in te rm e d ia te  m ig ra t in g  bands (Q .31 , 0 .3 3  and 0 .37 ) 
have d isa p p e a re d  e i t h e r  by d e g r a d a t io n ,  i n h i b i t i o n ,  o r  la c k  o f s y n th e s is .  
On th e  o th e r  hand , th e r e  i s  an in c r e a s e  in  th e  "MDH o f th e  c y to s o l  in  
th e  m edusae. U n fo r tu n a te ly ,  b e ca u se  o f a  la c k  o f p la n u la e  o f  Ch/iy&actia., 
MDH isozym e a n a ly s i s  co u ld  n o t  b e  u n d e r ta k e n . The p la n u la  s ta g e  w hich 
se rv e s  as  a t r a n s i t i o n  s ta g e  betw een  eggs and scyph istom ae  i s  v e ry  
s h o r t .  However, from  th e  d a ta  we o b ta in e d  from  ChAy6<X0/LCL, and th e  
ev id en ce  from CyaYlza., we can  i n f e r  t h a t  in  p la n u la e ,  th e  dom inant bands 
shou ld  be th e  0 . 21- 0 .2 2  d o u b le t  o f  th e  c y to s o l  and th a t  th e  a c t i v i t i e s  
o f th e  o th e r  isozym es a re  in c r e a s in g .
The in c re a s e d  m ito c h o n d r ia l  MDH in  th e  scyph istom ae  and 
medusae o f  ChJiyAaofta. i s  c e r t a i n l y  a s s o c ia te d  w ith  energ y  p ro d u c tio n .
When th e  an im al i s  do rm an t, a s  in  th e  c y s t ,  i t  r e q u i r e s  v e ry  l i t t l e  
energy  f o r  m a in ta in in g  i t s  m e ta b o lic  a c t i v i t i e s .  When th e  c y s t  t r a n s ­
form s in to  a scy p h is to m a , a  g r e a t e r  en erg y  re q u ire m e n t e x i s t s  f o r  
m a in ta in in g  i t s  norm al a c t i v i t i e s ,  and p ro b a b ly  an even  g r e a te r  energy  
req u irem en t i s  n e c e s sa ry  in  th e  s t r o b i l a e  and m edusae. T hus, th e  genes 
f o r  m ito c h o n d ria l MDH a re  a c t i v a te d  and r e s p o n s ib le  f o r  th e  p ro d u c tio n  
o f more energy  and b io s y n th e t ic  p r e c u r s o r s .  T h is  in c re a s e d  m itochon­
d r i a l  MDH a c t i v i t y  n o t o n ly  r e p r e s e n t s  th e  a c t i v a t io n  o f i t s  re sp o n ­
s ib le  g en e , b u t may a ls o  r e p r e s e n t  th e  a c t i v a t i o n  o f  an e n t i r e  energy  
p ro d u c tio n  pathw ay su ch  a s  g ly c o ly s i s  and th e  t r i c a r b o x y l i c  a c id  c y c le .
In  AuA zLUl, th e  change o f th e  MDH isozym es p a t t e r n  i s  r e s t r i c t e d  
to  th e  c y to s o l  MDH. B ecause th e  genes w hich a re  r e s p o n s ib le  f o r  th e  
s y n th e s is  o f m ito c h o n d r ia l  MDH a re  alw ays in  th e  same a c t iv a te d  s t a t e s ,  
th e  e x p la n a tio n  o f th e  a c t i v a t i o n  o f  c e r t a i n  genes fo r  energ y  p ro ­
d u c tio n  i s  n o t a p p l ic a b le .  I t  sh o u ld  be  n o ted  th a t  d i f f e r e n c e s  in  th e
l i f e  c y c le s  o f  th e s e  th r e e  C hesapeake Bay j e l l y f i s h  e x i s t  ( f ig u r e  7 ) .  
Cya.YlQ.OL p la n u la e  develop  i n to  p la n u lo c y s t s , w hich undergo f u r t h e r  
developm ent in to  scy p h is to m ae . The Cfaiy&aotui p la n u la e  d evelop  d i r e c t l y  
in to  scy p h is to m ae , w ith o u t fo rm a tio n  o f th e  p la n u lo c y s ts  and th e  
scyph istom ae n o rm a lly  form  numerous p o d o c y s ts . F u r th e rm o re , th e  
scyph istom ae may undergo t r a n s fo rm a tio n  to  form  p o d o cy sts  u n d er ad v e rse  
c o n d i t io n s ,  and may r e v e r t  back  to  scyph istom ae  when th e  a d v e rse  
c o n d it io n s  a re  removed. In  c o n t r a s t ,  c y s t  fo rm a tio n  in  th e  l i f e  c y c le  
o f AuAQJtia o b ta in e d  from Chesapeake Bay h a s  n o t been  o b serv ed . T h is  
may acco u n t f o r  th e  d i f f e r e n c e  in  th e  MDH isozym e p a t t e r n  changes in  
kjJioJLLa when compared to  th e  o th e r  two scy phozoans; th e  l im i te d  change 
o f cy to p la sm ic  MDH d u rin g  kjJioJLLa developm ent may p o s s ib ly  be due to  
th e  in f lu e n c e  o f  e p ig e n e t ic  f a c t o r ( s )  ( d i s s o c i a t i o n ,  a s s o c ia t i o n ,  
change th e  a f f i n i t y  o f m e ta l b in d in g , e t c . ) .
The e le c t r o p h o r e t i c  p a t t e r n  o f  G6PD i s  u n l ik e  t h a t  o f o th e r  
enzymes o f scyphozoan j e l l y f i s h  (L in and Z u b k o ff, 1973; Zubkoff and 
L in , 1975). MDH, su p e ro x id e  d ism u ta se  (SOD, EC 1 .1 5 .1 .1 )  and e s te r a s e  
o f Chesapeake Bay j e l l y f i s h  a l l  have isozym e p a t t e r n s  w hereas G6PD 
ap p ea rs  a s  a s in g le  band in  th e  p o ly a c ry lam id e  g e l  enzyme a s sa y . 
A lthough B lan q u e t (1972) in d ic a te d  th a t  p o ly p s  o f  Ch/iy&aofia have an 
in c re a s e d  G6PD a c t i v i t y  d u rin g  co ld  a c c l im a tio n ,  th e r e  i s  no e l e c t r o ­
p h o re t ic  change in  th e  G6PD p a t t e r n  d u rin g  th e  developm ent o f th e se  
th r e e  s p e c ie s .  B lanquet (1972) a ls o  su g g es ted  t h a t  th e  in c re a s e d  
G6PD a c t i v i t y  makes more NADPH a v a i l a b le  f o r  s y n th e s is  o f  f a t t y  a c id s  
to  be s to re d  in  th e  c y s ts .  S ince  MDH o f j e l l y f i s h  can u se  e i t h e r  NADP"*" 
o r  NAD"*"as a c o - f a c to r  (L in  and Z u b k o ff, 1 9 7 3 ), i t  may a ls o  s e rv e  a s  a 
p o t e n t i a l  NADPH s u p p l ie r  f o r  t h i s  p u rp o se .
F ig u re  7. The l i f e  c y c le s  o f  th r e e  scyphozoan j e l l y f i s h  
i n  C hesapeake Bay.
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The Chesapeake Bay j e l l y f i s h  medusae ap p ea r a t  d i f f e r e n t  
s e a so n s ; AuAdLla and Ch/iy&ajOHjd appear in  th e  summer and Cyanna i n  th e  
w in te r .  The MDH isozym e p a t t e r n  changes d u rin g  developm ent a r e  v e ry  
d i f f e r e n t  betw een th e s e  two summer j e l l y f i s h .  In  kuJmLLa.f th e  changes 
a re  sm a ll and co n fin ed  to  th e  c y to s o l  MDH. In  ChAy&CLOJta, changes o f 
MDH isozym e p a t t e r n  o c cu r . In  Cya.ne.0., th e  MDH isozym es a re  v e ry  s im i la r  
to  th o se  o f Chfuy&CLOKOL. I t  i s  ap p a ren t t h a t  p ro longed  g e o g ra p h ic a l 
s e p a r a t io n  o f  th e  scyph istom ae u n d er d i f f e r e n t  te m p e ra tu re  c o n d it io n s  
w i l l  be  r e f l e c t e d  in  isozym e p a t t e r n s  (Z ubkoff and L in , 1975). However, 
i t  i s  d o u b tfu l t h a t  te m p e ra tu re  d i r e c t l y  in f lu e n c e s  th e  change o f 
th e s e  MDH isozym e p a t t e r n s  d u rin g  developm ent. I n  o rd e r  to  s tu d y  th e  
s h o r t  term  te m p e ra tu re  e f f e c t  on th e  MDH isozym e p a t t e r n s  o f  CkH.y&aofWi 
and AtUiO&La, th e  scyph istom ae  o f th e se  two s p e c ie s  c u l tu re d  u n d e r d i f ­
f e r e n t  te m p e ra tu re s  were com pared. The r e s u l t s  o f  th e  com parison  
s tu d ie s  showed t h a t  scyph istom ae m a in ta in ed  a t  b o th  a lo w er te m p e ra tu re  
f o r  one y e a r  (12-15°C) and a t  room te m p e ra tu re  (19-21°C) have th e  same 
isozym e p a t t e r n s .  However, th e  s u b s t r a te  a f f i n i t y  and th e  f r e e  energy  
o f a c t i v a t io n  o f MDH i n  co ld  and warm c u l tu re d  scyph istom ae a re  d i f ­
f e r e n t  (S e c tio n  I I B ) .
Numerous q u e s tio n s  rem ain u n re so lv ed  w ith  r e s p e c t  to  th e  
developm ent o f  j e l l y f i s h .  Can scyphistom ae o f Chtiy&OjOHjCL d e r iv e d  from 
p la n u la e  be d is t in g u is h e d  from  scyphistom ae d e r iv e d  from p odocysts?
Can scyph istom ae w hich have undergone s t r o b i l a t i o n  and r e v e r te d  back  
to  scyph istom ae  be d i f f e r e n t i a t e d  from scyph istom ae  w hich  have n e v e r 
s t r o b i l a t e d ?  S ince th e r e  i s  no s t r u c t u r a l  d i f f e r e n c e  betw een th e s e  
scy p h is to m ae , p h y s io lo g ic a l ,  b io ch em ica l and g e n e t ic  ap p ro ach es  m ust 
be  em ployed.
SECTION I I  CARBOHYDRATE METABOLISM OF JELLYFISH
A. P en to se  p h o sp h ate  pathw ay in  th e  scy p h is to m ae  o f 
Cfouj&cuona. quu.nqu.e.CsOiAha
The p re sen c e  o f  a f u n c t io n a l  p e n to se  p h o sp h a te  pathw ay 
(PP-p'athway) in  j e l l y f i s h  has been q u e s tio n e d  (Pow er, L enhoff and 
L eone, 1968; R u th e rfo rd  and L e n h o ff , 1969; B la n q u e t, 1972 ). By u s in g  
two indep en d en t m ethods, th e  e x is te n c e  o f  a  f u n c t io n a l  PP-pathw ay in  
th e  scyph istom ae o f Cfaiy&CLOJUl quuMqtifLCAAMJna. i s  a s c e r ta in e d .
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MATERIALS AND METHODS
Scyphistom ae o f  ChJiy&aoful  quu.nqa2.clM.ka. u sed  in  t h i s  s tu d y  
and p o ly a c ry lam id e  g e l  e le c t r o p h o r e s is  m ethods u s in g  7.5% g e ls  w ere 
p re v io u s ly  d e s c r ib e d . F o r d e te c t io n  G6PD and 6PGDH, th r e e  to  fo u r  
scy p h is to m ae  (7 -12  yg o f p r o te in )  and 20-30 scy p h is to m ae  (.60-80 yg o f 
p r o te in )  w ere u sed  p e r  g e l ,  r e s p e c t iv e ly .  In  o rd e r  to  s t a b i l i z e  G6PD,
0 .5  mg o f n ic o tin a m id e  ad en in e  d in u c le o t id e  p h o sp h ate  (NADP'*') was 
added to  50 ml o f  g e l  and 10 mg o f NADP"*" was added to  300 ml o f  0 .0 0 4  
M T r i s -  0 .038  M g ly c in e  b u f f e r ,  pH 8 .3 ,  in  th e  ca th o d e  cham ber. No 
NADP+ was added to  s t a b i l i z e  6PGDH. S ta in in g  s o lu t io n s  c o n ta in in g  
5 mg o f NADP+ and e i t h e r  8 .5  mg o f  g lu c o s e -6-p h o sp h a te  (G6P) o r  1 3 .3  
mg 6-p h o sp h o g lu co n a te  ( 6PG) p e r  50 ml w ere made 15 m in u te s  b e fo re  u se  
(B rew er, 1970).
For th e  fo rm a tio n  o f  ^ C 02 from  -^ C -g lu c o se , te n  scy p h is to m a e , 
s e le c te d  a t  random , w ere washed and p la c e d  in  Warburg f l a s k  w ith  2 ml 
o f f i l t e r e d  York R iv e r w a te r  ( s a l i n i t y  19-21 o /o o ) . 0 .5  mg o f  p e n i c i l l i n  
and 0 .25  mg o f s tre p to m y c in  w ere added p e r  ml o f f i l t e r e d  York R iv e r  
w a te r . The an im als  w ere a cc lim a te d  in  Warburg f l a s k s  a t  room te m p e ra tu re  
in  th e  d a rk  o v e rn ig h t .  A f te r  16-20 h o u rs , 0 .5  ml o f  g lu c o s e - l - l ^ C , 
g lu c o s e -6-^-^C, o r  glucose-U -^-^C , ap p ro x im a te ly  4 0 ,0 0 0 , 4 0 ,0 0 0 , and 
340 ,000  dpm, r e s p e c t iv e ly ,  w ere added to  each  f l a s k .  The s p e c i f i c  
a c t i v i t i e s  o f  th e s e  t r a c e r s  (New England N u c lea r) w ere 5 3 .7 ,  5 6 .6  and 
234 mCi/m m ole , r e s p e c t iv e ly .  These ex p erim en ts  w ere te rm in a te d  by
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i n j e c t i n g  0 .5  ml o f  18 N H2SO4 , r e s u l t i n g  in  a  f i n a l  s o lu t io n  o f  pH 
1 .2 . The ev o lv ed  ^ C 02 was c o l le c te d  in  th e  c e n te r  w e ll on p a p e r  
w icks w hich w ere m o is ten ed  w ith  0 .1  ml o f Hyamine h y d ro x id e  (New 
England N u c le a r ) . The w icks w ere suspended in  s c i n t i l l a t i o n  f l u i d  
c o n ta in in g  5 g o f  2 ,5 -d ip h e n y lo x a z o le  (PPO) p e r  l i t e r  o f  to lu e n e  and 
coun ted  in  a  l i q u id  s c i n t i l l a t i o n  c o u n te r  (Beckman LS->150).
The CO2 g iv en  o f f  from PP-pathw ay i s  alw ays from  th e  number 
1 carbon  o f g lu c o se  (F ig u re  8) .  The CO2 g iv en  o f f  from  g ly c o ly s is  
and TCA c y c le  i s  random (F ig u re  9 ) . T here i s  a  d i f f e r e n c e  in  
p ro d u c tio n  by u s in g  ^ C - g lu c o s e  l a b e l  in  d i f f e r e n t  p o s i t io n s  in  th e  
ex p e rim en t: ^ C - l -  and -^ C -6-g lu c o s e  w i l l  become p o s i t i o n a l ly  i d e n t i c a l
in  th e  3 carb o n  frag m en t a f t e r  g ly c o ly s is  and upon e n te r in g  TCA c y c le .
I f  th e r e  i s  a  f u n c t io n a l  PP-pathw ay, th e  -^CC^ p ro d u c tio n  from  
l^ C - l - 02 /^ ^ C -6-02  sh o u ld  be  g r e a te r  th a n  one. I f  th e  r a t i o  e q u a ls  
o ne , t h i s  means t h a t  th e r e  i s  no f u n c t io n a l  PP-pathw ay.
F ig u re  8 . evo lved  from  p e n to se  ph o sp h ate  pathw ay
(M odified  from L eh n in g e r, 1970).
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F ig u re  9. evol vec* from  g ly c o ly s i s  and t r i c a r b o x y l i c
a c id  c y c le  (M od ified  from  L eh n in g e r, 1970).
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RESULTS
A f te r  p o ly a c ry la m id e  g e l  e le c t r o p h o r e s i s  o f hom ogenates of 
ChnyAOJOha. scy p h is to m a e , b o th  G6PD and 6GPDH w ere d e te c te d .  A s in g le  
band was o b serv ed  f o r  each  enzyme (G6PD, 0 .2 0 ; 6GPDH, 0 .4 7 ) ,  and in  
each case  on ly  NADP"*" was e f f e c t i v e  as  th e  coenzyme. The d i f f e r e n t  
r e l a t i v e  m o b i l i t i e s  o f  th e s e  two enzymes i s  shown in  F ig u re  10. These 
enzymes a r e  a p p a re n tly  v e ry  u n s ta b le  b ecau se  s to ra g e  o f f r e s h ly  p re ­
pared  hom ogenates a t  19°C f o r  two days r e s u l t e d  in  a lo s s  o f most o f 
t h e i r  a c t i v i t i e s .
E vidence  f o r  th e  e x is te n c e  o f  a  fu n c t io n a l  PP-pathway was 
o b ta in e d  by com paring th e  r a t e  o f  p ro d u c tio n  o f ^ C 02 from  g lu c o se - 
1 -l^C  and g lu c o s e -6--^ C  (T ab le  4) . When s h o r t  in c u b a tio n  p e r io d s  
were u se d , a m o lar r a t i o  o f from  g lu c o s e - l - ^ C / g l u c o s e - 6- ^ C
g r e a te r  th a n  one was p rod u ced ; t h i s  r a t i o  i s  in t e r p r e te d  th a t  th e  
PP-pathw ay i s  f u n c t io n a l .  In  our e x p e r im e n ts , scyph istom ae were 
o b ta in e d  from  th e  same c u l tu r e  and assumed to  be  in  i d e n t i c a l  p h y s io ­
lo g ic a l  c o n d i t io n s .  A lthough  some v a r i a t i o n s  o c c u r re d , every  tim e th e  
m olar r a t i o  o f ^ C 02 from  g lu c o s e - l- ^ ^ C /g lu c o s e - 6--*-^ C was much g r e a te r  
th an  one (T ab le s  4 and 5 ) .  In  a d d i t io n ,  a d e la y  of p ro d u c tio n
in  th e  scy p h is to m ae  fe d  g lu c o s e - 6-^^C alw ays o c cu rred  compared w ith  
th o se  fe d  g lu c o se -  1-^-^C o r  g lu co se -U -l^C  (T ab le  5) . T h is  d e lay  may 
be c o n s id e re d  as  a m easure  o f  th e  tim e re q u ire d  f o r  la b e le d  g lu co se  to  
pass  th ro u g h  g ly c o ly s is  and TCA c y c le . The p ro d u c tio n  o f from
g lu c o se -U -^ C  i s  abou t fo u r  tim es  g r e a te r  th an  th a t  from g lu c o se -1 - l^ C .
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F ig u re  10. E le c t r o p h o r e t ic  p a t t e r n s  o f  th e  scyph istom ae  o f 
Chny&aorwL qLU.nqu.ncAJiA.hci (G6PD and 6PGDH).
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TABLE 4
^ CO2 e v o lu tio n  from scyphistom ae fed  -^C -g lu co se .
Time o f 
No. o f  in c u b a tio n
Experim ent (h o u rs) g lu C o se-U -^C  g lu c o s e - l - ^ C  g lu c o s e -6--^C  Ci /Cfi
pM -*-^ C02 produced pM -^CC^ produced pM l^ c c ^  produced
pM g lu c o se  u p tak e  pM g lu co se  u p tak e  pM g lu co se  u p tak e
I 1 0 .7  ± 5%=!= — -
2 0 .4  ± 2% 0 .2  ± 3% 2 .0
4 0 .8  ± 2% 0 .3  ± 3% 2 .6
8 0 .9  ± 2% 0 .3  ± 2% 2 .6
I I 1 1 .0  ± 3% — —
2 0 .9  ± 3% - -
4 1 .0  ± 3% 0 .9  ± 5% 1 .1
8 0 .9  ± 2% 0 .5  ± 3% 2 .0
I I I 1 1 .0  ± 5% — —
2 1 . 0  ± 3% - -
4 1 .0  ± 3% 0 .1  ± 7% 9.9*
8 0 .7  ± 2% 0 .5  + 31 1 .4
IV 1 5 .5 + 5% 1 .0  ± 5%
2 6 .2 + 2% 1 .0  ± 5%
4 3 .2 + 21 0 .9  ± 5%
8 5 .8 + 2% 0 .8  ± 3%
V 1 4 .4 + 2% 1 .0  ± 3% 0 .3  ± 11 3 .5
2 4 .0 + 2% 1 .0  ± 3% - -
4 2 .5 + 2% 1 .0  ± 2% 0 .3  ± 51 2 .9
8 5 .2 + 2% 1 .0  ± 2% 0 .9  ± 21 1 .1
■1c
Table 4 (Continued)
VI 1
2
4
8
4 .3  ± 2%
4 .7  ± 2%
4 .7  ± 2% 
4 .9  ± 2%
*determ ined  from  low count 
=}= based  on 95% co n fid e n ce  l i m i t
+i 
+i 
+i 
+i
3%
3%
2%
2%
•iL
TABLE 5
T o ta l -^C -glucose uptake by scyphistom ae (-^CC^ evolved + ^ C - la b e l le d  c e l lu la r  m a te r ia l) .
No. of 
Experim ent
Time o f  
in c u b a tio n  
(Hours) g lu c o se -U -^ C
pH l^ C -g lu c o se  
10 p o ly p s
g lu c o se -  1--^C
pM l^ C -g lu co se
10 po lyps
g lu c o s e -6-l^C
pM -^ C -g lu co se  
10 po ly p s
I 1 3 .2 + 5%=f 5 .7  ± 5%
2 1 4 .2 + 2% 2 .1  ± 3%
4 7 .9 + 2% 5 .3  ± 3%
8 18.7 + 2% 8 .7  ± 2%
I I 1 0 .2 + 3% —
2 3 .1 + 3% 0 .3  ± 5%
4 4 .9 + 3% 2 .3  ± 5%
8 19 .2 + 3% 2.6  ± 3%
I I I 1 1 .0 + 5% —
2 2 .3 + 5% -
4 3 .3 + 5% 0 .6  ± 7%
8 8 .2 + 3% 4 .7  ± 5%
IV 1 0 .4 + 5% 0 .2 + 7%
2 1 .7 + 5% 0 .6 + 5%
4 3 .8 + 5% 1 .5 + 5%
8 5 .9 + 5% 3 .4 + 3%
V 1 5 .5 + 2% 2 .8 + 3% 0 .2  ± 7%
2 3 .2 + 2% 5 .7 + 5% 0 .3  ± 5%
4 15.6 + 2% 9 .4 + 3% 3 .3  ± 5%
8 33 .1 + 2% 22.1 + 2% 9 .8  ± 2%
Table 5 (Continued)
VI 1
2
4
8
4 .0  ± 2%
9 .0  ± 2% 
2 4 .0  ± 2% 
44 .7  ± 2%
=f based  on 95% co n fid en ce  l i m i t
3 .5  ± 5%
6 .5  ± 5%
1 3 .4  ± 3%
25 .4  ± 3%
When th e  t o t a l  r a d i o a c t i v i t y  in c o rp o ra te d  in to  scyph istom a 
c e l l u l a r  m a te r ia l  and -^CC^ ev o lv ed  i s  compared to  th e  t o t a l  concen­
t r a t i o n  o f la b e le d  g lu c o se  added to  th e  medium, i t  i s  e v id e n t t h a t  th e  
amount o f  g lu c o se  in  th e  medium was more th a n  th e  scyph istom ae  cou ld  
a s s im i la te  d u rin g  th e  e x p e r im e n ta l p e r io d .
DISCUSSION
The e x is te n c e  o f  a f u n c t io n a l  PP-pathw ay f o r  th e  p ro d u c tio n  
o f  p re c u rs o r  m e ta b o l i te s  in  th e  scy p h is to m ae  o f Cfoiy&aiOflOL i s  demon­
s t r a t e d  by two in d ep en d en t e x p e r im e n ta l te c h n iq u e s :  1) p o ly ac ry lam id e
g e l  e le c t r o p h o r e s i s  o f  th e  f i r s t  two enzymes o f  th e  PP-pathw ay, and
2) th e  e v o lu tio n  o f ^CC>2 from la b e le d  ^ C - g lu c o s e  in  a  m anner con­
s i s t e n t  w ith  a  f u n c t io n a l  p e n to se  pathw ay. A lthough  th e  p re se n c e  of 
G6PD and 6PGDH i s  a s tro n g  in d ic a t io n  o f  th e  p re se n c e  o f t h i s  pathw ay, 
th e  absence  o f e i t h e r  o f th e s e  two enzymes does n o t n e c e s s a r i ly  mean 
th e  absence  of t h i s  pathw ay (H ollm an, 196 4 ). Because R u th e rfo rd  and 
L enhoff (1969) d id  n o t d e te c t  th e  p re se n c e  o f 6PGDH in  th e  seven  s p e c ie s  
o f Hycha th e y  s tu d ie d ,  and th e  6-p h o sp h o g lu co n a te  was r e a d i ly  degraded  
by a p h o sp h a ta se  p re s e n t  in  th e  hom ogenate, th e y  su g g es ted  th a t  r ib o s e  
i s  sy n th e s iz e d  from  th e  c o n d e n sa tio n  o f f r u c t o s e - 6-p h o sp h a te  w ith  
g ly c e ra ld e h y d e -3 -p h o sp h a te  m ed ia ted  by t r a n s k e to l a s e  and t r a n s a ld o la s e  
r a th e r  th a n  v ia  th e  PP-pathw ay. I f  t h i s  i s  t r u e ,  th e  a c t i v i t i e s  of 
t r a n s k e to la s e  and t r a n s a ld o la s e  sho u ld  in c r e a s e  c o n s id e ra b ly  e i t h e r  
b e fo re  o r  d u rin g  c e l l  p r o l i f e r a t i o n  i n  o rd e r  to  p ro v id e  enough p e n to se  
p re c u rs o r s  e s s e n t i a l  f o r  grow th and re p ro d u c tiv e  p ro c e s s e s .  S ince  
th e y  d id  n o t a ssa y  f o r  th e s e  enzym es, d e te c t io n  and c o n f irm a tio n  of th e s e  
two enzymes in  hydrozoans and scyphozoans sho u ld  be o f c o n s id e ra b le  
i n t e r e s t .  Pow ers, L enhoff and Leone (1968) d id  n o t d e te c t  th e  p re sen c e  
o f 6PGDH in  7 hydrozoans and th e  a c t i v i t y  o f  t h i s  enzyme was a b se n t in
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th e  two scyphozoans (Cab&'LopZd A.p., UditLi^Ldi 4 p .)  and low in  th e  
Cubomedusa (CaAybd.2.d 4 p ) . B lan q u e t (1972) a ls o  cou ld  n o t d em o n stra te  
th e  p re sen c e  o f 6PGDH in  th e  scy p h is to m ae  hom ogenates o f Ch/Ly&dOfLd 
qulnquzaO iA hd  u s in g  a  s p e c t r o f lu o r im e t r i c  p ro c e d u re . In  t h i s  e l e c t r o ­
p h o re t ic  s tu d y , we f in d  t h a t  a lth o u g h  th e  6PGDH a c t i v i t y  i s  low 
compared w ith  G6PDH, and o th e r  enzymes o f j e l l y f i s h ,  i t  i s  n o n e - th e -  
l e s s  d e te c ta b le  w ith  th e  p h e n az in e  n i t r o b lu e - t e t r a z o l iu m  s t a i n .
NADPH p ro d u c tio n  i s  n e c e s s a ry  f o r  th e  s y n th e s is  o f  l i p i d  
energy  s to r e s  packaged w i th in  th e  c y s t s  o f  Chfiy^dOfid and i s  o f im p o rta n t 
a d a p tiv e  s ig n i f ic a n c e .  The p re s e n c e  o f a  f a i r l y  a c t iv e  G6PD in  th e  
scyphistom ae i s  ex p ec ted  b u t th e  low a c t i v i t y  o f  6PGDH needs e x p la n a tio n . 
Scyphozoan scyph istom ae  undergo  e x te n s iv e  a se x u a l re p ro d u c t io n ,  d u rin g  
w hich r ib o s e -5 -p h o s p h a te  i s  r e q u ir e d  f o r  n u c le ic  a c id  s y n th e s is .  
Scyphozoan scyph istom ae have h ig h  m a la te  dehydrogenase  a c t i v i t y  which 
i s  e i t h e r  NAD+ or NADP+ d e p en d e n t. T hus, MDH may c o n t r ib u te  sub­
s t a n t i a l l y  to  th e  p ro d u c tio n  o f  NADPH w ith in  th e  scyph istom ae  f o r  l i p i d  
s y n th e s is .  The low 6PGDH a c t i v i t y  o f t h i s  enzyme may n o t r e p r e s e n t  
th e  i.Yi V'Lvo s i t u a t i o n  in  th e  scy p h is to m ae . R u th e rfo rd  and Lenhoff 
(1969) dem o n stra ted  t h a t  th e r e  i s  a  p h o sp h a ta se  in  th e  t i s s u e  homogenate 
o f HydJia w hich may c le a v e  6-p h o sp h o g lu c o n a te  to  g lu c o n a te  and in o rg a n ic  
p h o sp h a te . The l i b e r a t i o n  o f p h o sp h a ta se  a s  w e ll  as  in a c t iv a t i o n  of 
6PGDH d u rin g  h o m o g en ization  co u ld  d e c re a s e  th e  a p p a ren t a c t i v i t y  of 
6PGDH. U n fo r tu n a te ly , a t  t h i s  t im e , q u a n t i t a t i v e  d a ta  on th e  amounts 
o f th e s e  enzymes a re  s t i l l  u n a v a i la b le  b ecau se  th e  p a u c i ty  o f s t a r t i n g  
m a te r ia l s  p re c lu d e s  e x te n s iv e  enzyme p u r i f i c a t i o n .
The w id e ly  u sed  m ethod f o r  d e te c t io n  o f th e  p re se n c e  o f a 
f u n c t io n a l  PP-pathw ay ( a s c e r ta in in g  a m o la r r a t i o  o f from g lu c o se -
l - ^ C / g l u c o s e - 6--^C  g r e a te r  th an  one) was employed in  t h i s  s tu d y . T h is  
r a d i o t r a c e r  m ethod i s  v e ry  s e n s i t i v e ,  and when perfo rm ed  -ua \)b jo , p r e ­
c lu d e s  th e  p o s s i b i l i t y  o f 1 ) r e le a s in g  o th e r  enzymes such  as  th e  a fo re ­
m en tioned  p h o sp h a ta se  and enzyme i n h i b i t o r s ,  2) d e n a tu r in g  enzym es, o r
3) d is r u p t in g  c o m p artm e n ta liz a tio n  d u rin g  h o m o g en iza tio n . A lthough 
th e r e  was o n ly  a  v e ry  sm all amount o f  6PGDH d e te c te d  by g e l  e l e c t r o ­
p h o r e s is ,  th e  p re se n c e  o f t h i s  enzyme i s  i n d i c a t iv e  o f an  a c t iv e  
PP-pathw ay in  th e  scyph istom ae of ChAy&aotiCL. In  a d d i t i o n ,  th e  m olar 
r a t i o  o f  th e  ^ C 02 from  g lu c o s e - l - - ^ C /g lu c o s e -6--^C  i s  a lw ays con­
s id e r a b ly  g r e a t e r  th an  one in  t h i s  s tu d y . B ecause th e  Z vl vLvo  r a d io ­
t r a c e r  d a ta  r e p o r te d  h e re in  in d ic a te s  an o p e r a t iv e  PP -pathw ay, i t  i s  
p o s s ib le  t h a t  th e  G6PD and 6PGDH a re  q u i te  s u s c e p t ib le  to  th e  d e le t e r io u s  
a c t io n  o f hom ogen ization .
The p ro d u c tio n  a ls o  p ro v id e s  in s ig h t  in to  th e  ca rb o ­
h y d ra te  m etabo lism  o f th e  scyphozoan scy p h is to m ae . T here  was a  r e l a t i v e l y  
la r g e  amount o f -^CC^ produced compared to  th e  r a d i o a c t i v i t y  r e ta in e d  
in  th e  scy p h is to m ae . T h is  in d ic a te s  t h a t  m ost o f th e  g lu c o se  was 
im m ed ia te ly  m e ta b o liz e d  a f t e r  u p tak e  in s te a d  o f b e in g  s to r e d  in  th e  
o rg an ism ’ s t i s s u e s .
The s p e c u la t io n  th a t  a c lo s e r  e v o lu t io n a ry  r e l a t i o n s h i p  betw een 
hydrozoans and scyphozoans th a n  betw een scyphozoans and an th o zo an s due 
to  th e  p re se n c e  o r absence  o f 6PGDH i s  n o t f u r t h e r  advanced by th e s e  
e x p e r im e n ts . The absence o f 6PGDH in  th e  hydrozoans (R u th e rfo rd  and 
L e n h o ff , 1969; Pow ers, L e n h o ff , and Leone, 1968) and th e  t o t a l  absence 
o r p re se n c e  o f a l im i te d  amount o f 6PGDH p r e s e n t  in  th e  scyphozoans 
(Pow ers, L enhoff and Leone, 1968; B la n q u e t, 1972; t h i s  s tu d y ) ,  and 
th e  l a b i l e  n a tu re  o f 6PGDH, make i t  d i f f i c u l t  to  a s c e r t a i n  w h e th er
th e r e  i s  a  f a i r l y  la r g e  amount o f  6PGDH in  th e  l i v in g  c e l l s .  The 
i n d ic a t io n  o f  a s tro n g  PP-pathw ay p re s e n t  in  th e  scyph istom ae  o f 
Chfiy&CLOtiCL su p p o rte d  by th e  r a d io t r a c e r  d a ta  in d ic a te s  t h a t  a  r e -  
e v a lu a t io n  o f  th e  p e n to se  p h o sp h a te  pathw ay in  o th e r  c o e le n te r a te s  
may be n e c e s sa ry .
B. Enzymes a s s o c ia te d  w ith  c a rb o h y d ra te  m etab o lism  in  
scyph istom ae  o f scyphozoan j e l l y f i s h
The u n iv e r s a l i t y  o f  th e  m ajo r pathw ays o f  c a rb o h y d ra te  
m etabo lism  ( g ly c o ly t ic  pathw ay, t r i c a r b o x y l i c  a c id  c y c le ,  and p e n to se  
m onophosphate sh u n t)  i s  assumed to  e x i s t  in  a l l  form s o f  l i f e .  However, 
some v a r i a t i o n s  occu r in  th e  polym orphs o f i n v e r t e b r a t e s .  Of p a r t i c u l a r  
i n t e r e s t  w ith  r e s p e c t  to  th e  scyphozoan j e l l y f i s h  i s  i t s  c a p a c i ty  f o r  
r e g e n e ra t io n  and i t s  p r o l i f i c  re p ro d u c tiv e  m echanism s in  th e  scy p h is to m ae . 
B ecause th e  mechanisms o f energy  tra n s fo rm a tio n  f o r  th e s e  p ro c e s s e s  
have  n o t been  u n d e rs to o d , th e  p re s e n t  s tu d y  was u n d e rta k e n  in  o rd e r  to  
e s t a b l i s h  a  more co h e ren t framework o f energ y  re s o u rc e s  and mechanisms 
o f th e s e  r e p ro d u c t iv e ly  p r o l i f i c  l i f e  fo rm s. The p u rp o se  o f t h i s  s tu d y  
i s  to  i d e n t i f y  enzymes a s s o c ia te d  w ith  c a rb o h y d ra te  m etab o lism  in  
scyphozoan j e l l y f i s h  w ith  em phasis on th e  enzymes w hich a re  p o s s ib ly  
in v o lv e d  i n  f a c u l t a t i v e  a n a e ro b io s is .  Enzyme c h a r a c t e r i s t i c s  such  as 
M ic h a e lis  c o n s ta n t  (Km) and energy  o f a c t i v a t io n  (Ea) a r e  a ls o  d e te rm in ed .
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MATERIALS AND METHODS
C u ltu re s  o f  scy p h istom ae  of ku/izLLa. auJiita. and ChJiy&a.o?UL 
quu.nque.cinAha w ere  m a in ta in e d  a t  room te m p e ra tu re  (19 -21°) and th o se  
o f  c o ld  w a te r  ChAyi>aoH.d w ere m a in ta in e d  a t  15°C in  f i l t e r e d  York 
R iv e r  w a te r .
I n  m ost e x p e r im e n ts , c rude  e x t r a c t s  w ere p re p a red  by homog­
e n iz in g  35 scy p h is to m ae  in  300 y l  o f  0 .004  M T r is -0 .0 3 8  M g ly c in e  
b u f f e r ,  pH 8 .3 .  Twenty y l  o f  c rude  hom ogenate was used  in  each  a ssa y . 
In  k u A z tid ,  th e r e  a re  ap p ro x im a te ly  22 yg o f  p r o te in  in  th e  20 y l  of 
t i s s u e  hom ogenate and a p p ro x im a te ly  30 yg -  40 yg o f  p r o te in  in  20 y l  
o f  t i s s u e  hom ogenates o f norm al and co ld  w a te r  m a in ta in ed  ChAy&dOAd 
scy p h is to m a e , r e s p e c t iv e ly .  P r o te in  was d e te rm in ed  by th e  method of 
Lowry, R osebrough , F a r r ,  and R a n d a ll (1951).
Enzyme A ssays
The enzym atic  r e a c t io n  was i n i t i a t e d  by  add ing  20 y l  o f crude 
t i s s u e  hom ogenate to  200 y l  o f  a  s o lu t io n  c o n ta in in g  b u f f e r  and th e  
a p p ro p r ia te  s u b s t r a t e s  and c o fa c to r s  and m o n ito r in g  th e  220 y l  
m ix tu re  in  a C ary 15 re c o rd in g  sp e c tro p h o to m e te r . In  s tu d y in g  
th e  e f f e c t  o f te m p e ra tu re  on th e  r a t e  o f  enzym atic  r e a c t io n ,  w a te r  
a t  th e  s p e c i f i e d  te m p e ra tu re  was c i r c u la t e d  in  a  th e rm o s ta te d  c e l l  
h o ld e r  su rro u n d in g  th e  c u v e t te .  J u s t  p r io r  to  th e  a d d i t io n  o f  th e  
hom ogenate, th e  a ssa y  s o lu t io n  was p re - in c u b a te d  in  a sm all c u l tu r e
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tu b e  f o r  one m inu te  in  th e  w a te r -b a th .  For m ost enzym es, th e  
o x id a tio n  o r  r e d u c t io n  o f NADH, NAD* and NADP* was m o n ito red  a t  340 
nm and c o n tin u o u s ly  re c o rd e d .
Complete Assay Systems
H aZatz d zh ych ogzn adz  (MDH, EC 1 .1 .1 .3 7 ) :
M ala te  + NAD*----------» -o x a lo a c e ta te  (OXA) +  NADPH
130 mM g ly c in e  b u f f e r ,  pH 1 0 .0 ,  1 .5  mM NAD*, 1 .3  raM D, L -m ala te  
(K e rrid g e  and T ip to n , 1972).
MaZZc Enzymz (MD, EC 1 .1 .1 .4 0 ) :
M ala te  + NADP* v  NADPH + H* + p y ru v a te  + C02
50 mM T ris-H C l b u f f e r  pH 8 .2 ,  1 mM D, L -m a la te , 0 .1  mM NADP*,
1 mM MnCl2
(Hochachka and M u sta fa , 1973 ).
V hobphoznaZpym w atz caAboxykZna&z (pepck , ec  4 .1 .1 .3 2 ) :
PEP + C02 +  IDP----------- >  OXA + ITP
50 mM T r is -m a la te  b u f f e r ,  pH 6 . 6 , 0 .15  mM NADH, 1 mM MnCl2 ,
ImM IDP, 1 mM p h o sp h o en o lp y ru v a te  (P E P ), 10 mM KHCO^, and ex cess  
p ig  h e a r t  m a la te  dehydrogenase  (Sigma)
( U t te r  and K u ra h ash i, 1954 ).
?yh.uva£z kZ n a iz  (PK, EC 2 .7 .1 .4 0 ) :
PEP + ADP ^  p y ru v a te  + ATP
50 mM T ris-H C l b u f f e r  pH 7 .5 ,  0 .1 5  mM NADH, 0 .23  mM ADP, 0 .7 8  mM, 
p -e n o l-p y r u v a te , 8 mM MgSO^, 75 mM KC1 and ex cess  o f l a c t a t e  
dehydrogenase (Sigma)
(Bucher and P f l e i d e r e r ,  1955).
S u cc in a te , dckyd/iogcna& c  ( sd h , ec  1 .3 .9 9 .1 ) :  
s u c c in a te  + FAD Fum arate + FADH2
90 mM T ris-H C l b u f f e r  pH 7 .4 ,  1 .0  mM p h en az in e  m e th o s u lfa te ,  20 mM 
sodium s u c c in a te ,  0 .0 5  mM 2 ,6 -d ic h lo ro p h e n o l- in d o p h e n o l. D ecrease  
th e  a b s o rp tio n  a t  600 nm i s  m easured 
(A rr ig o n i and S in g e r ,  1962).
'MD+- U o c l t /L a tc  d.chydkogcna6c  ( i d h ,  EC 1 .1 .1 .4 1 ) :
I s o c i t r a t e  + NAD+ ------------- *■ a - k e to g lu ta r a t e  + NADH + CO2
227 mM p o ta ss iu m  p h o sp h a te  b u f f e r ,  pH 7 .0 ,  2 2 .7  M MgCl2 » 1*1 mM 
AMP, 2 .3  mM NAD+ , 1 .1  mM D, L-sodium  i s o c i t r a t e  
(K ornberg , 1955).
NADP+- l 6o c W u x lc  dchyd/iogcna6C  (IDH, EC 1 .1 .1 .4 2 ) :
I s o c i t r a t e  + NADP+ ------------------>• a - k e to g lu ta r a t e  + NADPH + CO2
227 mM p o ta ss iu m  p h o sp h a te  b u f f e r ,  pH 7 .0 , 22 .7  mM M gC ^, 1*2 mM 
NADP+ , 1 .1  mM D, L -sodium  i s o c i t r a t e  
(K ornberg , 1955).
RESULTS
The p re sen c e  o f enzymes o f  th e  t r i c a r b o x y l i c  a c id  c y c le  in  
scyph istom ae  o f j e l l y f i s h  h as  been  a s c e r ta in e d  u s in g  s p e c tro p h o to m e tr ic  
and o th e r  m ethods (T ab le  6) .  The p re se n c e  o f  MDH, SDH, and ICD-NADP* 
h as  been  v e r i f i e d ,  b u t th e  NAD”*"-linked ICD was n o t d e te c te d .  The 
enzym atic  a c t i v i t i e s  NADP+- l in k e d  ICD and m a lic  enzyme w ere v e ry  
s l i g h t .  S in ce  th e  r e l a t i v e  r o le  o f  th e  NAD*-linked ICD and NADP+-  
l in k e d  ICD in  th e  m etabolism  of m ost o rgan ism s i s  n o t known, th e  
p re sen c e  o f  NADP*-linked ICD r e p r e s e n ts  th e  p re se n c e  o f  ICD in  th e  
TCA c y c le .
M alic  enzyme a lso  h a s  a  v e ry  low a c t i v i t y  in  th e  t i s s u e  
hom ogenate and a v e ry  narrow  f u n c t io n a l  th e rm a l ra n g e ; when th e  a ssay  
te m p e ra tu re  i s  below  25°C, th e  a c t i v i t y  o f th e  m a lic  enzyme can n o t 
b e  d e te c te d  and th e  enzyme s t a r t s  to  d e n a tu re  a t  40°C. Both ICD and 
m a lic  enzyme w ere n o t f u r t h e r  a n a ly z e d  f o r  t h e i r  k i n e t i c  c h a r a c t e r i s t i c s .  
In  th e s e  s tu d ie s  o f  enzymes o f scy p h is to m a e , MDH i s  th e  m ost abundant 
enzyme in  th e  t i s s u e  hom ogenate. DuPaul (p e r s o n a l  com m unication) co u ld  
n o t d e te c t  th e  p re sen c e  o f l a c t a t e  dehy d ro g en ase  (LDH, EC 1 .1 .1 .2 7 )  
i n  th e  scyph istom ae  o f ChAy&<w>ia. T h is  o b s e rv a tio n  was confirm ed by 
u s in g  p o ly acry lam id e  g e l  e le c t r o p h o r e s i s .
The M ich a e lis  c o n s ta n ts  (Km) f o r  th e  enzymes (PK, PEPCK, MDH, 
and SDH) w ere determ ined  by L inew eaver-B urk  r e c ip r o c a l  p lo t s  and th e  
s u b s t r a t e  a f f i n i t i e s  (Km) o f  th e  fo u r  enzymes a r e  p re s e n te d  in  T ab le  7.
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TABLE 6
Carbohydrate enzymes assayed in  t i s s u e  homogenates o f  scyphozoan
scyphistom ae (A uhJL lla  auUvuta and Chny& aona qulnqu2.CAJin.ka) .
Enzyme A b b re v ia tio n EC P rese n ce  R eferen ce
M ala te
dehydrogenase  MDH
S u c c in a te  
dehydrogenase  SDH
I s o c i t r a t e  
dehydrogenase ICD-NAD*
I s o c i t r a t e  
dehydrogenase  ICD-NADP"*
L a c ta te  
dehydrogenase  LDH
M alic
enzyme
Phosphoenol p y ru v a te  
ca rb o x y k in ase  PEPCK
P y ru v a te  k in a s e  PK
G lu co se -6-p h o sp h a te  
dehydrogenase  G6PD
6-p h o sp h o g lu co n a te  
d ehydrogenase  6PGDH
1 .1 .1 .3 7
1 .3 .9 9 .1
1 .1 .1 .4 1
1 .1 .1 .4 2  
1 .1 .1 .2 7
M alic  enzyme 1 .1 .1 .4 0
4 .1 .1 .3 2
2 .7 .1 .4 0
1 .1 .1 .4 9
1 .1 .1 .4 3
+*
+*
+
+
(1 )
( 1)
( 1 )
(1)
( 2)
(1 )
(1)
( 1 )
(3 .4 )
(4 .5 )
* on ly  p re s e n t  in  a  t r a c e  amount and n o t s u i t a b l e  f o r  a s s a y  o f k i n e t i c  
c h a r a c t e r i s t i c s  by th e  m ethods employed in  t h i s  i n v e s t ig a t io n
(1 ) t h i s  s tu d y
(2) DuPaul (p e rs o n a l com m unication)
(3) B lan q u et (1972)
(4) Zubkoff and L in  (1973)
(5) S e c tio n  I ;  L in  and Zubkoff (1975)
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TABLE 7
Km (mole) o f d i f f e r e n t  enzymes in  scyphozoan scyphistom ae*^.
Name o f Enzyme 
MDH
SDH
PEPCK
PK
S u b s tra te
M ala te
NAD+
S u cc in a te
p -en o 1-p y ru v a te
p -e n o l-p y ru v a te
A u/iz&ia
4 .2  ± 2 .7 x l0 - 3
3 .4  ± O .lxlO - 4  
3 .6  ± 1 .6 x l0 - 3
6 .5  ± 1.3x10"5
5 .0  ± 1 . 6x l0 -4
Chnij&aoha.
1 .7  ± 0 .3x10-3  
4 .0  ± 1 .9x10-3
2 .2  ± 1 . 2x 10” 3
1 .3  ± O .lx lO -5
3 .1  ± 0 .3x10"4
Cold H20 
ChAn&aoxa
1 .3  ± 0 .2x10-3
3 .1  ± 0 .3 x l0 "4
*A11 v a lu e  o b ta in e d  from ex p erim en ts  u n d e rta k en  in  d u p l i a t t e  
i i n d i c a t e s  th e  ran g e  o f  m easured v a lu e
=}=The in t e r c e p t  on X a x is  i s  d e r iv e d  from  l in e a r  r e g re s s io n  a n a ly s is
The MDH o f  AuJtzLCa. scyph istom ae has a low er m a la te  a f f i n i t y  (h ig h e r  Km) 
and h ig h e r  NAD* a f f i n i t y  (lo w er Km) th an  th a t  o f  Chfiy&CUOHXL. Cold 
w a te r  CkHjy&aoh.a. scyph istom ae have a  h ig h e r  s u b s t r a t e  a f f i n i t y  f o r  
m a la te  and NAD* th a n  CkSLyAOOSta scyph istom ae  m a in ta in e d  a t  room tem per­
a tu r e .  Of th e  o th e r  th re e  enzymes s tu d ie d .  Au/l&LLo. scy p h is to m ae  a ls o  
have a low er s u b s t r a te  a f f i n i t y  th a n  Ch/Ly&a.OHOL s cy p h is to m a e . The 
av erag e  Q^q v a lu e s  f o r  th e  scyph istom ae enzymes ra n g e  from  1 .4 4  to  
2 .95  (T ab le  8) .  The Q^q v a lu e s  f o r  MDH o f AuA.2JLLa. and ClViy&CLOfui a r e  
above 2 .5  w h ile  th o se  o f th e  o th e r  th re e  enzymes a r e  below  2 .0 .  The 
Ql0 v a lu e s  and th e  upper te m p e ra tu re  l im i t s  f o r  th e  enzymes o f  ChA.y6aoA.d 
and AvJKlZajOL a re  v e ry  s im i la r :  SDH, PEPCK and PK s t a r t  to  d e n a tu re  a t
40<?C and MDH s t a r t s  to  d e n a tu re  a t  50°C.
E n e rg ie s  o f a c t i v a t io n  (Ea) w ere d e te rm in ed  from  A rrh e n iu s  
p lo t s  o f  th e  lo g  o f  th e  r a t e  o f  r e a c t io n  a g a in s t  th e  r e c i p r o c a l  o f 
a b s o lu te  te m p e ra tu re  (F ig . 1 1 ). The energy  o f  a c t i v a t i o n  in  th e  
organism s s tu d ie d  v a r i e s  from  5 .2  K cal m ole- ^ to  1 9 .1  K cal rnole- -^
(T ab le  9 ) . The Ea o f MDH i s  much g r e a te r  th a n  t h a t  o f  th e  o th e r  
enzym atic  sy stem s. Cold w a te r  Cfaiy&ajOtui scy p h is to m ae  have a low er Ea 
th a n  th a t  o f  th e  scyph istom ae m a in ta in ed  a t  room te m p e ra tu re . AuA z£a.O, 
scyph istom ae  have a h ig h e r  Ea f o r  MDH, PEPCK, and PK th a n  th o s e  o f 
ChJuy&CLOha scy p h is to m ae ; th e  Ea of SDH o f AvJtoXid i s  h ig h e r  th a n  th a t  o f 
CktLy&aom to o .
F ig u re  12 shows th e  e f f e c t  o f pH on MDH. The scy p h is to m ae  
o f Chhjy&aoHja. and AvJioJLia. have a  v e ry  s im i la r  pH dependence cu rv e  w ith  
an o p tim a l pH a t  10. A lthough , i t  i s  r e a l i z e d  t h a t  th e  a s sa y  medium of 
MDH fa v o rs  an e q u il ib r iu m  a t  th e  a lk a l in e  c o n d i t io n ,  t h i s  a lk a l in e  pH 
may n o t be th e  case  X.VI \)£.VO. The e f f e c t  o f  pH on PEPCK and PK a re
TABLE 8
The average Q-^ q o f enzymes o f scyphozoan scyphistom ae.
Tem perature S t r o b i la t in g
o f Enzymes range*  (°C) Ch/uf&aofui ChsiybaohiCL
MDH 10-50 2.95 2 .91 2.78
( 2)+ ( 2) (2)
SDH 10-40 1 .44 1.47 -
(2)
PEPCK 10-40 1.9.2 1 .73 -
( 2) C2)
PK 10-40 1 .94 1 .51 1 .6 4
( 2) (3) (1)
*The h ig h  te m p e ra tu re  ran g e  in  th e  te m p e ra tu re  t h a t  enzyme s t a r t s  to  d e n a tu re  
=j=Number in  p a re n th e s e s  in d ic a te s  th e  number o f  ex p erim en ts  conducted
Cold H20 
Chiii&aotia
2.52
(2)
1.66
(2)
1 .60
(3)
TABLE 9
Energy o f a c t iv a t io n  (Kcal mole- -*-) o f  d i f fe r e n t  enzymes in  scyphozoan scyphistom ae*.
Cold H2O S t r o b i l a t in g
Name o f Enzyme AvJlqU jx Chfiu&OLOfia. Cfauf&aoJia. Ch/ivs&a.ofia.
MDH 1 9 .1  ± 0 .5 18 .9  ± 0 .4 1 5 .8  ± 0 .6 17 .3  ± 0 .7
( 2)+ (2) (2) ( 2)
SDH 8 .2  ± 0.8 7 .3  ± 1 .1 - -
(2) ( 2)
PEPCK 9 .7  ± 0 .3 7 .2  ± 1 .1 6 .4  ± 1 .0 -
( 2) (2) (2)
PK 9 .3  ± 1 .5 6 .7  ± 0 .4 5 .2  ± 0 .5 8 .4
(2) (3) (3)
^Number in  p a re n th e s is  in d ic a te s  th e  number o f  exp erim en ts  conducted 
*The s lo p e  i s  d e riv e d  from l i n e a r  r e g re s s io n  a n a ly s is  
t i n d i c a t e s  th e  ran g e  o f  m easured v a lu e
F ig u re  11. A rrh e n iu s  p lo t s  f o r  d e te rm in in g  Ea of
scyph istom ae  enzymes. The s lo p e  i s  d e riv e d  
from  l i n e a r  r e g r e s s io n  a n a ly s is .  Each l i n e  
in d ic a te s  a s e p a ra te  ex p erim en t. Ea = R 
(g as  c o n s ta n t)  x  s lo p e .
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F ig u re  12. E f f e c t  o f  pH on th e  a c t i v i t i e s  o f MDH of 
scyphozoan scy p h is to m ae .
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i l l u s t r a t e d  in  F ig u re  13. PK o f Au/lzZZcl scy p h is to m ae  has a b ro ad  pH 
optimum (pH 7 .4 5 -8 .5 )  w h ile  t h a t  o f Ch/iy&aofW. i s  r e l a t i v e l y  narrow  
w ith  a maximum a t  pH 8 .0 . The pH cu rv e  in  PEPCK i s  q u i te  d i f f e r e n t  
from t h a t  o f PK: in  b o th  kuJioJJ~(L and CkH.y&a.OfWL, th e r e  a re  two pH 
o p tim a , one on th e  a lk a l in e  s id e  th e  o th e r  on th e  a c id  s id e .
F ig u re  13. E f f e c t  o f  pH on th e  a c t i v i t i e s  o f  PK and PEPCK 
of scyphozoan scy p h is to m ae .
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DISCUSSION
The p re sen c e  o f  many o f  th e  enzymes in v o lv e d  in  g ly c o ly s is  
and TCA c y c le  have been  c l e a r ly  d em o n stra ted  in  m ost i n v e r t e b r a te  
p h y la  (A ll is o n  and K aplan , 1964; G ilm ore, 1965; Goddard and M a r tin ,
1966; P r e s c o t t ,  1973). However, v e ry  few o f th e s e  enzyme a c t i v i t i e s  
a s s o c ia te d  w ith  c a rb o h y d ra te  m etabo lism  have been  d em o n stra ted  f o r  
scyphozoan j e l l y f i s h .  Raymond, Krishnaswamy and T u n d is i (1967) r e p o r te d  
th e  p re se n c e  o f  SDH in  kuJKLLLa. m edusae. B lan q u et (1972) r e p o r te d  th e  
p re se n c e  o f G6PD in  Chfiy&OjOJia. scy p h is to m ae . The p re se n c e  o f G6PD,
6PGD, MDH, and a f u n c t io n a l  PP-pathw ay in  j e l l y f i s h  w ere r e p o r te d  by 
(Z ubkoff and L in , 1973; L in  and Z u b k o ff, 1975). The r e s u l t s  o f  th e s e  
s tu d ie s  p ro v id e  enough in fo rm a tio n  to  c o n s tr u c t  th e  scheme o f c a rb o h y d ra te  
m etabo lism  o f  scyphozoan j e l l y f i s h  (F ig u re  1 4 ). The e x is te n c e  o f 
g ly c o ly s is  in  an organ ism  i s  u n iv e r s a l ly  a ccep ted  and th e  p re se n c e  o f 
ICD, SDH and MDH s tro n g ly  in d ic a te  th e  p re se n c e  o f a  f u n c t io n a l  TCA 
c y c le .  The p re sen c e  o f PEPCK, m a lic  enzym e, MDH, SDH in d ic a te s  t h a t  
th e  o rgan ism  i s  c ap ab le  o f  l i v in g  in  a  low oxygen env ironm ent and 
d e r iv in g  i t s  energy  th ro u g h  f a c u l t a t i v e  a n a e r o b io s is . S u c c in a te , th e  
m ajo r end p ro d u c t o f  f a c u l t a t i v e  a n a e ro b io s is ,  i s  d e r iv e d  by a  r e v e r s a l  
o f th e  r e a c t io n s  o f  th e  TCA c y c le  in v o lv in g  o x a lo a c e ta te ,  m a la te  and 
fu m ara te  as  s u b s t r a te s  (Awapara and Sim pson, 1966; Hammen, 1969; S az ,
1971; M u sta fa  and Hochachka, 1972; 1973a, b ; Zs-Nagy and E rm in i, 1972; 
Hochachka and M u sta fa , 1972; 1973a, b ; F a lk o w sk i, 197 4 ). The absence
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F ig u re  14. A scheme o f c a rb o h y d ra te  m etabo lism  (M odified  from 
Hochachka and Somero, 1973) a p p lie d  to  scyphozoan 
j e l l y f i s h .
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o f LDH i n  th e  scy p h is to m ae  p ro s c r ib e s  th e  p o s s i b i l i t y  o f  accu m u la tio n  
o f  l a c t a t e  w h ich  may be to x ic  f o r  an an im al. In  t h i s  way, d e le t io n  o f 
LDH m igh t be an ad v an tag e  f o r  an organism  w hich  i s  cap ab le  o f p erfo rm ing  
f a c u l t a t i v e  a n a e r o b io s is .  N orm ally , when 1 m ole o f p y ru v a te  i s  reduced  
to  l a c t a t e ,  i t  consumes one mole o f  NADH w hich i s  p roduced from  g ly c o ly s is .  
When th e r e  i s  no LDH p re s e n t  and i f  PK i s  c o m p le te ly  b lo c k e d , th e  NADH 
w hich  i s  p roduced  th ro u g h  g ly c o ly s is  in  scyph istom ae may be used to  
re d u c e  o x a lo a c e ta te  to  m a la te . In  t h i s  way, th e  system  i s  in  com plete  
redox  b a la n c e .
B o th  NAD+-  and NADP’* '-lin k ed  ICD have been  found in  t i s s u e s  
o f l i v in g  o rg an ism s ( P la u t ,  1963). Only NADP+- l in k e d  ICD had been 
d e te c te d  in  c ra b s  (Munday and Thompson, 1962; V a ts i s  and S c h a tz le in ,
1 97 2 ), trypanosom es (A gosin  and W einbach, 1 9 5 6 ), nem atodes (Seidman 
and E n tn e r ,  1 9 6 1 ), f lu k e  (P r ic h a rd  and S c h o f ie ld , 1968) and f i s h  (Moon 
and H ochachka, 197 1 ). S im i la r ly ,  o n ly  NADP+- l in k e d  ICD i s  found in  
th e  scyphozoan  scy p h is to m ae . The r e l a t i v e  r o l e s  o f NAD -  and NADP+- 
l in k e d  ICD in  c a rb o h y d ra te  m etabo lism  i s  n o t w e ll u n d e rs to o d . I t  
was f i r s t  p ro p o sed  t h a t  on ly  NAD^-linked ICD i s  fu n c t io n a l  in  th e  TCA 
c y c le  (G o eb e ll and K lin g e n b e rg , 1963, 1964; N ic h o lls  and G arlan d , 1969). 
However, C ra b tre e  & Newsholme (1970) found NADP"*”- ! in k e d  ICD h as  much 
h ig h e r  a c t i v i t y  th a n  NAD+- l in k e d  ICD in  mammalian and f i s h  t i s s u e s .
T h is  phenomenon was su b se q u e n tly  confirm ed by Moon and Hochachka (1 9 7 1 ). 
A lthough  th e r e  a re  o n ly  v e ry  sm all amounts o f  ICD d e te c te d  in  th e  
scy p h is to m a e , t h i s  does n o t n e c e s s a r i ly  in d ic a te  t h a t  TCA c y c le  i s  n o t 
v e ry  a c t i v e  in  th e  scy p h is to m ae . The ICD may be a  p a r t i c u l a r l y  l a b i l e  
enzyme and e a s i l y  d e n a tu re d  d u rin g  th e  e x t r a c t io n  p ro c e s s . I t  i s  a ls o  
p o s s ib le  t h a t  ICD i s  com p artm en ta lized  in s id e  th e  c e l l  and d u rin g
h o m o g en iza tio n , th e  c o m p a r tim e n ta l iz a tio n  i s  d i s r u p te d ,  o r  th e  enzyme 
may come in  c o n ta c t  w ith  an  i n h i b i t o r  o r  com peting r e a c t io n .  R u th e rfo rd  
and L enhoff (1969) d em o n stra ted  th e  p re se n c e  o f  a  p h o sp h a ta se  in  th e  
HydAa. hom ogenate w hich c le a v e s  6-p h o sp h o g lu co n a te  and o b scu re s  th e  
Zn vltA O  a c t i v i t y  o f  6-p h o sp h o g lu co n a te  d ehydrogenase .
I f  PEP i s  co n v e rted  to  p y ru v a te  and th e r e  i s  no LDH p re s e n t  
in  th e  scy p h is to m ae , th e  p y ru v a te  can e i t h e r  go in to  th e  TCA c y c le  
th ro u g h  th e  r e a c t io n  o f p y ru v a te  dehydrogenase  complex o r  fo rm a tio n  
o f m a la te  th ro u g h  m a lic  enzyme. B ecause th e r e  i s  o n ly  a v e ry  sm a ll 
amount o f m a lic  enzyme d e te c te d  in  th e  scy p h is to m ae , we can p r e d ic t  
t h a t  d u rin g  th e  a e ro b ic  c o n d i t io n ,  most o f th e  p y ru v a te  i s  channeled  
in to  th e  TCA c y c le  f o r  en erg y  p ro d u c tio n . In  th e  low oxygen o r  anox ic  
c o n d it io n , th e  TCA c y c le  becomes in o p e r a t iv e  and th e  f a t e  o f p y ru v a te  
i s  l e s s  c e r t a i n .  S ince  th e r e  i s  no l a c t a t e  accu m u la tio n  in  th e  
scy p h is to m ae , p y ru v a te  can e i t h e r  be c o n v e rted  to  a la n in e  by th e  
a c t io n  o f a tra n sa m in a se  ( a s p a r ta te - p y r u v a te  tra n sa m in a se )  o r  co n v erted  
in to  m a la te  and su b se q u e n tly  i n to  s u c c in a te .  B ecause th e  p re se n c e  o f 
a  v e ry  sm all amount o f m a lic  enzyme, th e  l a t t e r  r e a c t io n  seems u n l ik e ly .  
U n less  low oxygen c o n d i t io n  in d u c es  th e  s y n th e s is  o f m a lic  enzyme, th e  
a c t i v i t y  o f PK w i l l  n o t be  i n h ib i t e d  by low O2 c o n c e n tra t io n .
In  th e  t i s s u e s  o f  m o llu sc s  and h e lm in th s , th e  a c t i v i t y  o f  
cy to p la sm ic  NAD+- l in k e d  MDH i s  much h ig h e r  th a n  th a t  o f e i t h e r  PEPCK 
o r PK a c t i v i t i e s  and th e  e q u il ib r iu m  s t r o n g ly  fa v o rs  th e  r e d u c t io n  of 
m a la te  (Hochachka and Somero, 1973). T h is phenomenon was a ls o  ob serv ed  
in  scyphozoan scy p h is to m ae . The a c t i v i t y  o f MDH i s  much h ig h e r  th a n  
th e  a c t i v i t i e s  o f  PK and PEPCK. I t  i s  a cc e p ted  t h a t  h ig h  MDH a c t i v i t y
+
can e i t h e r  m a in ta in  low o x a lo a c e ta te  c o n c e n tra t io n  o r  r e g e n e ra te  NAD 
f o r  t r i o s e  p h o sp h a te  dehydrogenase  r e a c t io n  (Hochachka and Somero,
1973).
In  kbCJ&uA, th e  ca rb o h y d ra te  m etabo lism  fa v o rs  th e  d e le t io n  
o f PK and LDH (S az , 1971). However, in  i n t e r t i d a l  b iv a lv e s ,  th e  
a e ro b ic  and a n a e ro b ic  t r a n s i t i o n  o ccu rs  a t  each  t i d a l  c y c le . T hus, 
th e  i n t e r t i d a l  o rgan ism s m a in ta in e d  b o th  PK and PEPCK. These two 
enzymes w i l l  com pete f o r  PEP u n d er th e  low oxygen c o n d it io n . A lthough  
th e  c o n t r o l  o f  th e  flo w  o f PEP tow ards p y ru v a te  and o x a lo a c e ta te  i s  
n o t f u l l y  u n d e rs to o d , i t  i s  q u i te  u n l ik e ly  t h a t  b o th  PK and PEPCK w i l l  
fu n c t io n  s im u lta n e o u s ly . Hochachka and M ustafa  (1972) su g g es ted  t h a t  
pH p la y s  an im p o r ta n t r o l e  in  th e  c o n tr o l  o f  th e  PEP m e ta b o lic  b ran ch  
p o in t .  They su g g es te d  th e  d rop  o f pH in  m o llu scan  t i s s u e  p la y s  a 
p iv o ta l  r o l e  in  th e  ch an n e lin g  o f PEP away from th e  p y ru v a te  k in a s e  
r e a c t io n  and tow ard  PEPCK. The pH optimum o f PK and PEPCK does n o t 
o v e r la p  in  o y s te r s  (M u stafa  and H ochachka, 1971, 1 9 7 3 a ,b ) ; th e  pH 
optimum f o r  PK o f th e  o y s te r  i s  7 .5 -8 .5  w h ile  th a t  o f PEPCK i s  5 .0 - 6 .0 .  
The o p tim a l pH f o r  PK o f scyph istom ae  i s  c lo s e  to  t h a t  o f th e  o y s te r .  
Both hjJloXLd and ChAy&OQSlCL have PK optim a from  7 .5  to  8 .5  and th e y  
have two PEPCK op tim a w ith  one on th e  a lk a l in e  s id e  and th e  o th e r  one 
on th e  a c id  s id e .  The lo w e s t a c t i v i t y  o f  PEPCK i s  alw ays o b serv ed  in  
th e  p h y s io lo g ic a l  pH ra n g e . Both in c re a s in g  o r  d e c re a s in g  of pH w i l l  
in c r e a s e  th e  a c t i v i t y  o f  th e  PEPCK a c t i v i t y .  W ilbur (1964) su g g es te d  
t h a t  a n a e ro b ic  c o n d i t io n  w i l l  cau se  s u b s t a n t i a l  a c i d i f i c a t i o n  o f 
m o llu scan  b iv a lv e  t i s s u e s  and f l u i d s .  I f  t h i s  s u g g e s tio n  can be 
a p p lie d  to  scyphozoan scy p h is to m ae , th e n  pH may s t i l l  be th e  m ajo r
t r i g g e r  o f PEP b ran ch  p o i n t ,  in  s p i t e  o f two PEPCK pH o p tim a. At 
pH 6 .4 ,  th e  a c t i v i t y  o f  PEPCK and PK i s  e q u a l in  Chfiy&aofta. scy ph istom ae . 
From F ig u re  12 , we e s t im a te  t h a t  a t  pH 5 , PK o f b o th  AuA.e£ta and 
ChJiy&CLOtui w i l l  lo s e  a l l  o f  i t s  a c t i v i t y  and a l l  o f  th e  form ed PEP w i l l  
flow  in to  th e  PEPCK r e a c t i o n .  The r o l e  o f th e  ATP/AMP r a t i o  w ith  
r e s p e c t  to  i n h ib i t i n g  o r  s t im u la t in g  c a rb o h y d ra te  m etabo lism  in  th e  
scyphistom ae i s  unknown b e ca u se  e f f e c t s  o f th e s e  a d e n y la te d  compounds 
on th e  enzymes o f  scy p h is to m ae  have n o t been  in v e s t ig a te d .
A lthough m ost e c to th e rm ic  o rgan ism s can m a in ta in  t h e i r  
m e ta b o lic  r a t e  r e l a t i v e l y  c o n s ta n t  d e s p i t e  th e  la r g e  change o f e n v iro n ­
m en ta l te m p e ra tu re , n o t  a l l  th e  enzym atic  r e a c t io n s  a re  in f lu e n c e d  by 
tem p e ra tu re  to  th e  same e x te n t .  T hus, te m p e ra tu re  h as  th e  p o t e n t i a l  
to  un b a lan ce  th e  m etab o lism  o f  an e c to th e rm ic  o rgan ism . Hochachka and 
Somero (1973) p roposed  th r e e  s t r a t e g i e s  f o r  th e  enzym atic  mechanisms 
f o r  r a t e  com pensation : ( 1 ) q u a n t i t a t i v e  s t r a t e g y ,  ( 2) q u a l i t a t i v e
s t r a t e g y ,  and (3 ) m o d u la tio n  s t r a t e g y .  At t h i s  t im e , i t  i s  s t i l l  
d i f f i c u l t  to  d e te rm in e  w hich  i s  th e  m ajo r s t r a te g y  employed by an 
ec to th erm  to  m a in ta in  i t s  m e ta b o lic  r a t e  r e l a t i v e l y  c o n s ta n t .
Do e c to th e rm s  l i v i n g  a t  a  low  te m p e ra tu re  c o n ta in  more 
enzyme th an  th e  same e c to th e rm s  l i v i n g  a t  a h ig h e r  te m p e ra tu re?  Not 
o n ly  q u a n t i t a t iv e  b u t a ls o  q u a l i t a t i v e  problem s may be  in v o lv e d .
Somero (1969) su g g es te d  t h a t  te m p e ra tu re  d e c re a se s  fu n c t io n  a n a lo g o u s ly  
to  p o s i t iv e  m o d u la tio n  o f  th e  enzym es. An organism  m a in ta in ed  a t  low er 
te m p e ra tu re  has low er Km and Ea w hich  i s  m a n ife s t  a s  a  more ra p id  
b in d in g  o f s u b s t r a te  and an  in c r e a s e  in  c a t a l y s i s .  As a  r e s u l t  o f t h i s  
" p o s i t iv e  th e rm a l r e g u l a t i o n " , th e  r e d u c t io n  o f v e lo c i ty  w ith  d e c rea se  
in  te m p e ra tu re  may be p a r t i a l l y  and som etim es f u l l y  o f f s e t .  The
e x is te n c e  o f  changes a t  th e  enzyme l e v e l  h as  b een  shown in  a  v a r i e ty  
o f e c to th e rm s (P r o s s e r ,  1962, 1967; Rao, 1967; B la n q u e t, 1972; Ekberg, 
1958; Moon and H ochachka, 1971; R obert and G ray , 1972). B lanquet 
(1972) dem o n stra ted  t h a t  th e r e  i s  an in c r e a s e  in  G6PD a c t i v i t y  in  co ld  
a cc lim a te d  Ch/Ly&aoHa. scy p h is to m ae . S in ce  G6PD e x i s t s  on ly  a s  one enzyme 
form  in  co ld  and warm c u ltu re d  scy p h is to m ae , i t  can be e a s i ly  in te r p r e te d  
t h a t  a  q u a n t i t a t i v e  change and n o t a q u a l i t a t i v e  change i s  in v o lv e d . 
B lan q u e t (1972) a ls o  re p o r te d  t h a t  co ld  a c c lim a te d  ChKy&aoHa. scyph istom ae 
have a low er Km and Ea th an  th e  warm a c c lim a te d  a n im a ls . Due to  a l im i te d  
su p p ly  o f  c o ld  w a te r  scy p h is to m ae , o n ly  th e  Km o f MDH f o r  warm and c o ld  
Ch/Ly6CL0tia. scyph istom ae  w ere compared in  t h i s  s tu d y . For b o th  m a la te  
and NAD'*’, th e  scyphistom ae m a in ta in ed  i n  th e  co ld  alw ays have a low er 
Km th a n  th e  room te m p e ra tu re  m a in ta in ed  scy p h is to m ae . Enzymes w ith  a 
low er Km w i l l  f a c i l i t a t e  th e  b in d in g  o f th e  s u b s t r a t e  and c o fa c to r s  
and , h en ce , in c re a s e  i t s  a c t i v i t y .  The d e c re a se  o f Km p o s s ib ly  com­
p e n sa te s  f o r  th e  r a t e  w hich i s  slow ing  down by th e  d e c re a s in g  te m p e ra tu re . 
I f  th e  enzyme a t  low er te m p e ra tu re  w i l l  f u r t h e r  red u ce  th e  energy  of 
a c t i v a t io n ,  i t  w i l l  a ls o  be  v e ry  h e lp f u l  f o r  r a t e  com pensating . T h is 
had been  observed  in  G6PD o f  Cktiy&OLOtiOL (B la n q u e t, 1972). In  t h i s  s tu d y , 
MDH, PEPCK and PK of Ckh.yi>aoH.a. scyp h is to m ae  m a in ta in ed  in  th e  co ld  have 
low er e n e rg ie s  o f  a c t i v a t io n  th a n  th o s e  scy p h istom ae  m a in ta in ed  a t  
warmer te m p e ra tu re s . These r e s u l t s  a r e  c o n s i s te n t  w ith  th e  su g g e s tio n  
o f  Somero and Hochachka (1969) t h a t  s u b s t r a t e  enzyme a f f i n i t y  v a r ie s  
r e c ip r o c a l ly  w ith  te m p e ra tu re  o v e r a la r g e  p o r t io n  o f th e  te m p e ra tu re  
o f th e  s p e c ie s ’ h a b i t a t .
SECTION I I I  APPLICATION OF ISOZYME ANALYSIS
A. M ala te  d ehydrogenase  and su p e ro x id e  d ism u ta se  o f  
scyph istom ae  o f C hesapeake Bay j e l l y f i s h .
Because th e  m o rp h o lo g ic a l s t r u c t u r e  o f th e  scyphozoan 
scyph istom ae i s  r e l a t i v e l y  s im p le , i t  i s  v e ry  d i f f i c u l t  to  d i f f e r e n t i a t e  
th e  scyphistom ae o f  th e  th r e e  s p e c ie s  commonly found in  Chesapeake Bay. 
A lthough th e  nem atocyst complement and im m unological a s sa y  have been  
employed (C a ld e r , 1971; B u rn e tt  and G ould, 1 9 7 1 ), b u t b o th  m ethods 
have t h e i r  l im i t a t i o n s .  However, th e  a p p l ic a t io n  o f  isozym e m ethodology 
may p rove u s e f u l  f o r  t h i s  p u rp o se .
72
MATERIALS AND METHODS
Scyphistom ae used  in  t h i s  s tu d y  w ere r a i s e d  from  p la n u la e  
i s o l a t e d  from  known medusae (C a ld e r , 1971). In  o rd e r  to  a s s e s s  th e  
h e te r o g e n e i ty  o f  MDH isozym es e x i s t in g  in  th e  scy p h is to m ae , c lo n e s  o f  
Cbft.y&a.OML w ere e s ta b l i s h e d  by c u t t in g  th e  scy p h is to m ae  v e r t i c a l l y  
in to  two p a r t s .  On re a c h in g  s u f f i c i e n t  s i z e ,  t h i s  p ro c e s s  was re p e a te d  
ag a in  u n t i l  a t  l e a s t  50 scyph istom ae w ere in  a  c u l tu r e  bow l. In  t h i s  
way, 24 c lo n e s  were e s ta b l i s h e d .
For th e  d e te c t io n  o f SOD, p o ly a c ry lam id e  g e l  e le c t r o p h o r e s i s  
was c a r r ie d  o u t u s in g  a  s ta in in g  s o lu t io n  o f 50 ml o f  0 .2  M T r is  B u ffe r ,  
20 mg o f p - n i t r o b lu e  te tr a z o l iu m  and 10 mg p h en az in e  m e th o s u lfa te  
(B rew er, 1970). A f te r  e l e c t r o p h o r e s i s ,  g e ls  w ere in c u b a te d  in  a  45°C 
w a te r  b a th  u n d e r am bient room l i g h t i n g .
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RESULTS
MDH isozym e p a t t e r n s  o f  th e  th r e e  s p e c ie s  w ere q u i te  d i f f e r e n t  
(F ig u re  1 5 ). Scyphistom ae o f Chfiy&aoHa. have a m ajo r band CO.53) w ith  a 
second  band im m ed ia te ly  below (0 .5 4 ) and th re e  f a i n t  bands (0 .4 0 , 0 .2 1  
and 0 .2 2 ) .  When e x t r a c t s  o f  seven  to  n in e  scyph istom ae o f Chhy&aDtw, 
w ere u sed  (20-30 ]ig p r o t e i n ) ,  a d d i t io n a l  t r a c e  bands (0 .3 1 , 0 .3 3 , 0 .3 7 ) 
w ere ob serv ed  t h a t  d id  n o t appear when e x t r a c t s  o f 2-3  scyph istom ae 
w ere u sed . Scyphistom ae o f AUA.qJU.CL had two isozym e b a n d s , b u t th e  
lo c a t io n s  and r e l a t i v e  i n t e n s i t i e s  o f th e  bands d i f f e r e d :  one band
(0 .3 3 )  was l e s s  in te n s e  th a n  th e  f a s t e r  moving band ( 0 .4 3 ) ;  t r a c e  bands 
ap p ea red  im m ed ia te ly  above th e s e  bands (0 .2 9 ,  0 .3 9 ) and som etim es 
e lse w h e re  (0 .4 6 , 0 .5 0 ) when h ig h  c o n c e n tra t io n s  w ere u se d . Scyphistom ae 
o f  Cya.nQ.0L u s u a l ly  had o n ly  one m ajo r band ( 0 .5 0 ) ,  b u t som etim es a  
t r a c e  t r i p l e t  (0 .2 5 )  and a s in g le  band (0 .1 6 ) ap p ea red . MDH o f th e  
scy p h is to m ae  o f th r e e  Chesapeake Bay j e l l y f i s h e s  was r e l a t i v e l y  s t a b l e
+  4-a f t e r  f r e e z in g  and MDH was e i t h e r  NAD o r  N A D P -lin k ed . The i n t e n s i t y  
o f  enzyme a c t i v i t i e s  u s in g  e i t h e r  o f th e s e  two c o fa c to r s  was th e  same.
When a  s in g le  c lo n e  o f Cfoiy&aoH.a. was u se d , s l i g h t  h e te ro g e n e i ty  
w ith  r e s p e c t  to  m inor bands (0 .3 1 , 0 .3 3 , 0 .37  and 0 .4 0 ) o f  MDH isozym e 
p a t t e r n s  was o b se rv ed . A lthough fo u r  d i f f e r e n t  ty p e s  o f  MDH isozym e 
p a t t e r n s  w ere o b se rv e d , a l l  have th e  c h a r a c t e r i s t i c  band p a t t e r n  o f 
Ch/iy£>aon.a. (0 .21  and 0 . 22 ; 0 .5 3  and 0 .54  dou b le  b a n d s ) . S ince  a t  l e a s t  
3 -4  scyph istom ae  w ere re q u ire d  to  show a c l e a r  p a t t e r n  in c lu d in g  m inor
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F ig u re  15. MDH isozym e p a t t e r n s  o f C hesapeake Bay 
scyphozoan scy p h is to m ae .
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b a n d s, th e  h e te r o g e n e i ty  o f  MDH isozym e does n o t p re c lu d e  u s in g  th e  
isozym e p a t t e r n s  as a  to o l  to  i d e n t i f y  scy p h is to m ae .
F ig u re  16 shows th e  SOD isozym e p a t t e r n s  o f scyph istom ae  o f 
Ch/iy&aoAa, hvJieOLa and Cya.ne.CL. ChAy&aoft-a p o s se s s  o n ly  one band (0 .5 8 )  
and Cyanea  h a s  o n ly  one band w ith  a  s lo w er movement (0 .3 9 ) .  kuJieJLLa, 
how ever, i s  q u i te  d i f f e r e n t  from  th e  o th e r  tw o; i t  d e f i n i t e l y  h as  two 
d i s t i n c t  bands and som etim es th r e e ;  th e  m ajo r band i s  fa s t-m o v in g  (0 .5 1 ) 
th e  slow -m oving band i s  l e s s  in te n s e  ( 0 .3 9 ) ;  o c c a s io n a l ly  a t h i r d  t r a c e  
band (0 .6 2 ) i s  o b se rv ed .
F ig u re  16. SOD isozym e p a t te r n s  o f Chesapeake Bay 
scyphozoan scy ph istom ae .
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DISCUSSION
MDH and SOD isozym e p a t t e r n s  o f scyp h is to m ae  of th e s e  th r e e  
s p e c ie s  a re  d i s t i n c t  (T able  1 0 ) . The m ajo r d i f f e r e n c e s  in  th e  SOD 
system  i s  t h a t  scyphistom ae o f  NjJieJLLa. p o s se s s  two d i s t i n c t  bands 
(0 .3 9 , 0 .5 1 ) ,  w ith  th e  fa s t-m o v in g  band (0 .5 1 )  a s  th e  m ajo r band and 
som etim es a t h i r d  t r a c e  band (0 .6 2 )  (T ab le  1 0 ). Scyphistom ae o f b o th  
ChAy&CLOhXL and Cya.ne.CL p o sse ss  s in g le  bands b u t th e r e  i s  a  g r e a t  d i f ­
fe re n c e  in  t h e i r  m o b i l i t i e s :  th e  Chfty&aaH.a. SOD band (0 .5 8 )  moves
much f a s t e r  th a n  th e  Cya.ne.CL band ( 0 .3 9 ) .
The MDH isozym e p a t t e r n  o f ChA.y&a.Ofta. can  b e  e a s i l y  d i s t i n ­
g u ish ed  from th a t  o f Cya.nea. and kvJieJLLa. by (1) th e  number o f MDH bands 
and (2 ) th e  r e l a t i v e  m o b i l i t i e s .  The Ch/iyAOOSta. MDH slow-m oving d o u b le t 
i s  un ique  ( 0 .21  and 0 . 22) ;  Cyane.0. h as  a  s in g le  band (0 .5 0 ) w h ile  
ChJiy&aOJia. has two bands (0 .5 3  and 0 .5 4 ) o f t h i s  app rox im ate  e l e c t r o ­
p h o r e t ic  m o b il i ty ;  and th e  fo u r  MDH bands o f AU Aztia. a re  in te rm e d ia te  
betw een th o se  o f  Ch/iy&aoJia. and l e s s  m ob ile  th a n  t h a t  o f Cyanza. (0 .5 0 ) .
The fu n c tio n  o f MDH i s  e i t h e r  to  red u ce  NAD"** (o r NADP+) f o r  
b io lo g ic a l  p ro c e ss e s  o r  to  f u r t h e r  m e ta b o liz e  th e  end p ro d u c ts  o f 
g ly c o ly s is  th ro u g h  th e  t r i c a r b o x y l i c  a c id  c y c le . B lan q u et (1972) 
su g g ested  th a t  scyph istom ae o f  ChA.yi>a.ofia. te n d  to  m a in ta in  h ig h  le v e l s  
o f NADPH f o r  th e  s y n th e s is  o f  l i p i d  en erg y  s to re d  w ith in  th e  c y s t .  MDH 
h as  a ls o  been  shown to  d i s s o c i a t e  and r e a s s o c i a t e  u n d e r v a r io u s  con­
d i t i o n s  (S ie g e l ,  1967; M urphey, B arnaby , L in  and K ap lan , 1967; Murphey
78
TABLE 10
Isozyme p a ttern s  in  th ree  Chesapeake Bay scyphistom ae.
Organisms
Superox ide D ism atase
Number o f Rm* of bands R e la t iv e  
bands I n t e n s i t y
Number o f 
bands
M ala te  dehydrogenase 
Rm o f bands R e la t iv e
I n t e n s i ty
0.21  0.22 + ++
0.31+  0.33+ 0.37+ ++ ++ +
Ch/iy^aom
quyinquzcAAJiha. 1 (12)§ 0 .58 +++ 5 (41) 0 .4 0 +++
0 .53  0 .5 4 f+++ +++
kjJizLLa. auJvita 2 (8) 0 .35 ++ 4 (30) 0 .29  0 .33 + +++
0 .5 0 ++++ 0 .3 9  0 .43 ++ •H-H-
0.62+ + 0 . 46 t 0 .5 0 t + +
Cymaa. capiJL lata 1 ( 6) 0 .39 ++ 2 (23) 0.16+ 0.25+  0 .5 0 + +++
*Rm = d is ta n c e  from o r ig in  to  b a n d /d is ta n c e  from o r ig in  to  dye m arker
+ = observed  o n ly  in  h ig h  c o n c e n tra t io n  p re p a ra t io n
t  = observed  o n ly  o c c a s io n a l ly  in  h ig h  c o n c e n tra t io n  p re p a ra t io n
§ = number in  p a re n th e se s  in d ic a te s  th e  number o f hom ogenates p re p a red
V
and K aplan , 1967; W o lfe n s te in , E n g la rd , and L is to w sk y , 1 9 6 9 ), and in  
anemones to  respond  to  changes in  low er oxygen te n s io n s  ( B e a t t ie  and 
O’Day, 1971). NAD+ o r  NADP+ d oes n o t p la y  an im p o rta n t r o l e  in  MDH 
c o n fo rm a tio n a l changes. MDH in  th e  j e l l y f i s h  scy p h is to m ae  s tu d ie d  d id  
n o t r e q u ir e  NAD+ o r NADP"** was an e f f e c t i v e  c o f a c to r  f o r  th e s e  th r e e  
scyphozoan MDH enzym es, and t h e i r  i n t e n s i t i e s ,  as  d e te c te d  by e l e c t r o ­
p h o r e s is ,  w ere s im i la r .  MDH i s  r e l a t i v e l y  s t a b l e  a f t e r  f r e e z in g  and 
th aw in g .
C ald er (1971) in d ic a te d  t h a t  scyphozoan scy p h istom ae  w ere 
d i f f i c u l t  to  i d e n t i f y  b ecau se  o f t h e i r  s im p le  anatom y and v a r i a b le  
m orphology. As an a l t e r n a t i v e  to  th e  i d e n t i f i c a t i o n  o f scyph istom ae 
based  on th e  ephyrae  th ey  r e l e a s e ,  C a ld e r  (1971) used  th e  nem atocyst 
complement o f scyph istom ae  f o r  i d e n t i f i c a t i o n .  The e l e c t r o p h o r e t i c  
s tu d ie s  o f  th e  MDH and SOD isozym e p a t t e r n s  r e p o r te d  h e re  a re  a u s e f u l  
a l t e r n a t i v e  to  th e  u se  o f e i t h e r  n em ato cy st com plem ent, c u l tu r in g ,  o r  
im m unological a ssay  f o r  i d e n t i f y in g  Chesapeake Bay j e l l y f i s h e s  in  th e  
scyph istom a s ta g e .
B. Isozym es o f AvJizLLa, (XWvita. o b ta in e d  from  
d i f f e r e n t  g e o g ra p h ic a l lo c a t io n s
In  th e  re v is e d  f iv e  kingdom system s o f th e  l i v i n g  w orld  
b ased  on th e  th r e e  l e v e l s  o f o rg a n iz a t io n ,  th e  Cnlda/iyta. a re  c o n s id e re d  
to  be  th e  s im p le s t  Ayujnatca. (W h itta k e r , 1969; M a rg u lis , 1 9 7 1 ). B ecause 
th e  Cvu.d<ViLa. p o s se s s  an e lem en ta ry  l e v e l  o f  t i s s u e  o r g a n iz a t io n ,  a  
h ig h  c a p a c i ty  f o r  r e g e n e r a t io n ,  and undergo m etam o rp h o sis, th e y  a re  o f 
p a r t i c u l a r  i n t e r e s t  as  m odels f o r  o rg a n iz a t io n  in  th e  h ig h e r  AyUmcLt^id.
In  o rd e r  to  d evelop  a  b e t t e r  u n d e rs ta n d in g  o f th e  o r ig in  o f th e s e  
u n u su a l f e a t u r e s ,  in v e s t ig a t io n  o f th e  m e ta b o lic  p a th w ay s, enzyme 
sy s te m s , and r e g u la to r y  mechanisms o f th e  Scyphozoan j e l l y f i s h e s  a re  
c o n s id e re d  w o r th y  o f a n a ly s is .
D if f e re n c e s  in  th e  m a la te  dehydrogenase and su p e ro x id e  
d ism u ta se  (SOD, EC 1 .1 5 .1 .1 )  isozym e p a t te r n s  o f A. CWJujta. scy p h istom ae  
o b ta in e d  from  d i f f e r e n t  g eo g rap h ic  lo c a le s  a re  r e p o r te d  h e r e .  These 
d i f f e r e n c e s  in  isozym e p a t t e r n s  f u r t h e r  c o r ro b o ra te  e a r l i e r  o b s e rv a tio n s  
t h a t  scyph istom ae  from  d i f f e r e n t  lo c a le s  have d i s t i n c t i v e  p h y s io lo g ic a l  
and m o rp h o g lo c ia l f e a tu r e s .
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MATERIALS AND METHODS
The scyph istom ae  o f  A .  (WJiaJlcl u sed  in  t h i s  s tu d y  w ere o b ta in e d  
from  th e  VIMS c u l tu r e  c o l l e c t i o n ,  m a in ta in ed  in  f i l t e r e d  York R iv e r 
w a te r  ( s a l i n i t y ,  19-21 o /o o ) and fe d  n a u p l i i  of new ly h a tch e d  foitOMiOL 
AaJLLna once a week (T ab le  1 1 ) . The scyph istom ae  o f A .  a . GB (G rea t 
B r i t a i n ) ,  A . a . M , A . CL. WB (Bay o f Fundy, New B runsw ick , C an ad a), A . a .
P E I  (M alpeque Bay, P r in c e  Edward I s la n d ,  C anada), and A . a .  W (W ashington) 
w ere m a in ta in ed  a t  12° o r 15°C; scyph istom ae  o f A . a .  C, A . a .  V  (D elaw are 
Bay and A . a .  GM (G ulf o f M exico) w ere m a in ta in ed  a t  room te m p e ra tu re  
(19-21°C ). The i d e n t i t y  o f  A . a .  C scyph istom ae  have been  a u th e n t ic a te d  
as A .  aWiAjjCL by l i f e  h i s to r y  a n a ly s is  (C a ld e r , 19 7 1 ); A . cl. V ,  A . a . GB,
A .a . GM, and A . CL. M scyph istom ae have been  confirm ed  in  a  s im i la r  m anner; 
A . CL. W scyph istom ae ahve been  i d e n t i f i e d  a s  AuJizSLLOi 6 p  o n ly , w h ile  th o se  
o f A .  cl. NB and A .  a . P E I  a re  assumed to  be A .  CLUSvLta b ecau se  o f th e  
s e a s o n a l abundance o f  th e  medusae in  th o s e  a re a s  (D. R. C a ld e r , p e rs o n a l  
com m unication).
F o r th e  d e te c t io n  o f e s t e r a s e s ,  40-60 yg o f p r o te in  w ere 
a p p lie d  to  7.5% g e l s ,  th e  s ta in in g  s o lu t io n  c o n ta in e d  50 m l NaH2P04 
(0 .2  M), 10 ml Na2HP04 (0 .2  M), 40 ml H20 , 1 .5  ml o f 1% a -n a p th y l  
a c e ta te  and 40 mg o f F a s t  B lue RR s a l t  (S igm a), pH 6 .0  (B rew er, 1970).
The g e ls  w ere in c u b a te d  in  th e  d a rk  fo r  1 -2  h o u rs .
82
TABLE 11
H istory  o f AuA ztia auJuXa. scyphistom ae c u ltu re s .
A b b rev ia tio n L o c a tio n
L ife  S tage 
I s o la te d
C u ltu re
E s ta b lis h e d
A. a. C Chesapeake Bay medusae* 1968
A. a. V D elaw are Bay medusae* 1970
A . a .  GB G reat B r i ta in c u ltu re * 1923
A. a. GM G ulf o f  Mexico medusae* 1962
A. a. M M assach u se tts po lyps* 1969
A .  a .  WB New Brunswick podocyst 1971
A. c l. PEI P r in c e  Edward I . podocyst 1971
A . a .  til W ashington po lyps 1972
Source
M orales-Alam o
C ald er
Lam bert
Spangenberg
Anonymous
C ald er
C a ld er
C a ld er
* A u th e n tic a te d  as k.aW vuta. by l i f e  h i s to r y  s tu d ie s  (D. R. C a ld e r , P e rso n a l Communication)
RESULTS
M a t a t e .  V e .k y d s io g e .n a A e .
The MDH isozym e p a t t e r n s  when 20-35 yg o f p r o te in s  were 
a p p lie d  to  each  g e l  a re  shown in  F ig u re  17. The MDH isozym e p a t t e r n s  
o f  scy p h is to m ae  o f A . a .  C a re  c o n s is te n t  w ith  th e  p re v io u s  r e s u l t  in  
w hich fo u r  bands (0 .2 9 ,  0 .3 3 , 0 .3 9 , 0 .4 3 ) w ere observed  (L in  and Z ubkoff,
19 7 3 ); th e  m a jo r band was i d e n t i f i e d  a s  a f a s t  moving band (0 .4 3 ) .
Of th e  sev en  o th e r  p o p u la tio n s  s tu d ie d  (T able  1 2 ) ,  th e  MDH 
isozym es of A .  a .  V  and A. a .  GM scy p h istom ae  show a p a t t e r n  s im ila r  
to  t h a t  o f  A . a .  C :  A ll have th e  same f a s t  moving m ajo r band (0 .4 3 ) .
A . a .  GB, A .a .  M, A . a .  WB, and A .a .  PEI have a s lo w er moving m ajor band 
(0 .3 3 ) and a  d i s t i n c t  band a t  0 .3 9 . T h ree  o f th e s e  ( A . a .  G B ,  A .a .  WB, 
and A .a .  PEI)  have a  r e l a t i v e l y  f a s t  moving band (0 .4 6 ) ,  and two t r a c e  
bands (0 .2 6 , 0 .2 9 ) .  The MDH isozym e p a t t e r n s  o f A . a .  WB and A .a .  PEI 
a re  i d e n t i c a l .  The A .a .  W MDH isozym e p a t t e r n  i s  u n iq u e : th re e  m ajor
bands w ith  d im in is h in g  d e g re e s  o f i n t e n s i t y  (0 .3 9  > 0 .33  = 0 .5 7 ) and 
two t r a c e  bands ( 0 .2 9 ,  0 .4 6 ) .
S u p e J w x A .d e .  c L u > m u ta te .
The SOD o f A . a .  C scyph istom ae  have a  m ajor band (0 .51 )  and 
two o th e r  bands ( 0 .3 9 ,  0 .6 2 ) ;  i t  i s  th e  same as t h a t  o f th e  A .a .  V  
scyph istom ae  (F ig u re  18 , T ab le  1 3 ) .  The SOD isozym e p a t t e r n s  o f  A .a .  GB, 
A .a .  WB, and A . a .  PEI a re  v e ry  s im i la r  (10 b a n d s) . The SOD isozym e 
bands A .a .  WB and A .a .  PEI a re  i d e n t i c a l .  In  th e  A .a .  W scy p h is to m ae ,
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F ig u re  17. MDH isozym e p a t t e r n s  o f foxhuJLLa. aii/UJtOL scyph istom ae  
o b ta in e d  from  d i f f e r e n t  lo c a le s .
0 .2 9
0 .3 3
0 .3 9
0 .4 3
0 .4 6
0 .5 0
0 .2 6
0 .2 9
0 .3 3
0 .3 9
0 .4 3
0 .2 6
0 .2 9
0 .3 3
0 .3 9
0 .4 3
0 .4 6
GB
CA T H O D E
0 .26
0 .29
0 .33
0 .3 6
0 .3 9
0 .46
0 .2 6
0 .2 9
0 .33
0 .3 6
0 .3 9
0 .4 6
0 .2 9
0 .3 3
0 .3 9
0 .4 6
0 .5 7
NB P E I
DYE
MARKER
ANODEw
TABLE 12
MDH isozym e p a ttern s  o f  scyphistom ae o f AuSizLLa. auJvlta . obtained from d if fe r e n t  geograp h ica l lo c a t io n s .
L o c a tio n  and R e la t iv e  I n t e n s i t y
R e la t iv e  G rea t G ulf o f M assa- New P r in c e  Edward
M o b ility ^  Chesapeake D elaw are B r i t a in  Mexico^ c h u s e t ts ^  Brunsw ick I s la n d   W ashington
C (41)*  D (4) GB (14) GM (2) M (3) NB (12) PEI (4) W (5)
+3
0 .26 + +
0.29 ++ -H-+ +
0.33 ++ + -H-H-
0.36
0.39 + ++ +++
0.43 ++++ ++++ ++
0.46 +3 ++
0 .50 +3
0.57
+ +
+ + +
+++ -H-H- ++++ +++
+ +
+ ++ ++ -H-H-
+
4-H- +++ +
+++
■^Relative M o b ili ty  = D is ta n c e  from  o r ig in  to  band______
D is ta n c e  from o r ig in  to  dye m arker
^O b serv a tio n s  a t  low c o n c e n tra tio n s  o f  e x t r a c t s  o n ly
3 lr a c e  band observed  o c c a s io n a lly
*Number in  p a re n th e s e s  in d ic a te s  number o f  homogenate p re p a red
F ig u re  18. SOB isozym e p a t te r n s  o f kuJtoJLia. aW tvta. scyph istom ae  
o b ta in e d  from  d i f f e r e n t  l o c a l e s .
0 .3  7 
0 .4 2
CA TH 00E
0 . 1 2
0 .1 6
0 .3 9
0 .4 2
0 .4 5
0 .8 2
0 . 12 
0 .  16
0 .2 3
0 .3 7
0 .4 2
0 .5 8
0 .6 4
0 . 6 8
0 .8 2
0.88
warn
0 . 12 
0 .  16
0 .2 3
0 .3 7
0 .4 2
0 .5 8
0 .6 4
0.68
0 .3 7  
0  4 2
0 .6 4
0.68
0 .7 4
NB P E I W
ANOOE
TABLE 13
SOD isozym e p a t te r n s  o f  scyphistom ae of kuJizLLa. a S JJ b ifc a . o b ta in e d  from  d i f f e r e n t  g e o g ra p h ic a l 
lo c a t io n s .
L o c a tio n  and R e la t iv e  I n t e n s i t y
R e la t iv e G reat M assa­ New P r in c e  Edward
M o b ility Chesapeake D elaw are B r i t a in c h u s e t ts Brunswick Is la n d W ashington
C (12)* D (2) GB (2) M (2) NB (2) PEI (2) W (2)
0.12 + + + +
0.16 + + + +
0.23 ++ ++ ++
0.37 ++ +-H- +++ 1 1 l-l-l
0 .39 +++ ++ ++
0.42 ++ ++ + + +
0.45 ++
0.51 ++++ ++++
0.58 + + +
0.62 -H- +
0.64 + + + +++
0.68 + + + +
0 .74 ++
0 .82 ++ ++ ++ ++
0.88 + + +
*Number in  p a re n th e se s  in d ic a te s  number o f homogenate p re p a re d .
one e x tre m e ly  s t ro n g  SOD band (0 .3 7 ) ,  two f a i n t  bands (0 .6 4 , 0 .7 4 ) 
and two t r a c e  bands (0 .4 2 ,  0 .6 8 ) a r e  o b se rv ed .
E4 teJ lO A Z A
U n lik e  th e  MDH and SOD isozym e p a t t e r n s  w hich show t r e n d s ,  
e s t e r a s e  isozym e p a t t e r n s  o f A. OUJuJja. scyph istom ae  a re  to o  d i f f e r e n t  
fo r  d i r e c t  i n t e r p r e t a t i o n  (T ab le  1 4 ) . In  o rd e r  to  d e te c t  th e  e x trem e ly  
sm a ll amount o f  e s t e r a s e s  p re s e n t  in  th e  scy p h is to m ae , e x t r a c t s  w ith  
h ig h  p r o te in  c o n c e n tr a t io n s  (40-60  ug) from  15 scyph istom ae o f A .a .  C 
and A . a .  V  and 1-2  scy p h istom ae  o f A .a .  G B ,  A . a .  W, and A .a .  WB were 
a p p lie d  to  each  g e l .  A lthough  scyph istom ae  of A .a .  C and A . a .  V  a re  
v e ry  c lo s e ly  r e l a t e d  w ith  r e s p e c t  to  MDH and SOD isozym e p a t t e r n s ,  
th ey  have c o m p le te ly  d i f f e r e n t  e s te r a s e  p a t t e r n s .
TABLE 14
E s te ra s e  isozym e p a t t e r n s  o f  scyph istom ae o f AvJlzLLa. auJvita  o b ta in e d  from d i f f e r e n t  g e o g ra p h ic a l 
lo c a t io n s .
L o c a tio n  and R e la t iv e  I n t e n s i t y
G rea t New
Rm Chesapeake D elaw are B r i t a in  B runsw ick W ashington
C (4 )*  D (1) GB (1) NB (1) W (1)
0 .4 4  + +++
0 .4 8  +++
0 .50  ++
0 .5 4 -0 .5 6  ++++ +
0 .6 0 -0 .6 1  + H +  ++ +++
0 .67  ++++
0 .7 0  +++
0 .74  ++
0 .78  ++
0 .80  ++
0 .82  +
0 .83  +
*Number in  p a re n th e s e s  in d ic a te s  number o f  homogenate p re p a re d .
DISCUSSION
On th e  b a s i s  o f  th e  MDH isozym e p a t t e r n s  o f A. (WJuJjCL 
scyp h is to m ae  s tu d ie d  from  e ig h t  g e o g ra p h ic a l r e g io n s ,  th e re  a re  a t  l e a s t  
tw o, and p o s s ib ly  a t h i r d ,  d i s t i n c t  groups c o in c id e n t  w ith  th re e  
g eo g rap h ic  g ro u p in g s :
1 . N o rth e rn  n o rth w e s t A t l a n t i c  (m ajor bands = 0 .3 3 , 0 .3 9 ,  0 .46 ) 
A . a .  G B ,  A . a .  MB, A . a .  P E I
2 . M iddle n o rth w e s t A t l a n t i c  (m ajor band =0.43)
A . a .  C ,  A . a .  V
3 . M iddle  n o r th e a s t  P a c i f i c  (m ajo r bands = 0 .3 3 , 0 .3 9 , 0 .5 7 ) 
A . a .  W
A . a .  GM is more similar to the second group ( A . a .  C and A . a .  V )  while 
A . a .  M is more similar to the first ( A . a .  G B, A . a .  MB, A . a .  P E I ) .
T hese  o b s e rv a t io n s  on MDH isozym e p a t t e r n s  o f  th e  s ix  c o l­
l e c t io n s  o f  A. a u / L U t a  from  th e  N orth  Am erican A t la n t ic  c o a s t a re  con­
s i s t e n t  w ith  th e  s u g g e s tio n  th a t  n o r th e rn  and s o u th e rn  v a r i e t i e s  may 
e x i s t ,  w ith  one group a c c lim a te d  to  c o ld e r  w a te rs  and th e  o th e r  to  
warmer w a te r s .  Spangenberg (1964) su g g es ted  t h a t  s u b s p e c ia t io n  o f N orth  
Am erican A. OUJJvLta may b e  a p p ro p r ia te  b ecau se  A . a .  GM scyph istom ae 
d i f f e r  s i g n i f i c a n t l y  from  th o se  o f A . a .  GB w ith  r e s p e c t  to  nem atocyst 
complement and m echanism  o f  lo co m o tio n . O th er o b s e rv a tio n s  show 
s i g n i f i c a n t  d i f f e r e n c e s  among scy p h istom ae  from v a r io u s  lo c a t io n s  in  
(1) n em ato cy st com plem ent, (2 ) mouth sh ap e , (3) po d o cy st fo rm a tio n ,
91
and (4) th e  p re se n c e  o f  3 -a la n in e  in  th e  f r e e  amino a c id  p o o l (T ab le  
1 5 ). These o b s e rv a tio n s  on MDH isozym e p a t t e r n s  c o r ro b o ra te  e a r l i e r  
s tu d ie s .
In  a d d i t io n ,  th e  a n a ly s is  o f  th e  SOD isozym e p a t t e r n s  i s  con­
s i s t e n t  w ith  th e  above th r e e  g ro u p in g s : A . a .  G B , A . a .  MB, and A . a .  P E I
have te n  SOD iso zy m es; A . a .  C and A . a .  V  have th r e e .  A . a .  M SOD 
isozym es (T ab le  13) a r e  v e ry  s im i la r  to  th e  f i r s t  g ro u p . U n fo r tu n a te ly , 
SOD o f  A . a .  GM cou ld  n o t be  d e te rm in ed  b ecau se  o f a  la c k  o f m a te r ia l .  
A lthough i t  i s  p o s s ib le  th a t  th e  la b o r a to r y  te m p e ra tu re s  a t  w hich th e s e  
scyph istom ae  w ere m a in ta in ed  co u ld  in f lu e n c e  th e  isozym e p a t t e r n s ,  i t  
seems u n l ik e ly  t h a t  th e  h o ld in g  te m p e ra tu re  would c o n s i s t e n t ly  b ia s  th e  
isozym e p a t te r n s  and m o rp h o lo g ica l c h a r a c t e r i s t i c s  to  th e  same e x te n t  
(T ab le  1 5 ).
As m entioned  p r e v io u s ly ,  th e  A . a .  W h as b een  i d e n t i f i e d  on ly  
as  b e lo n g in g  to  th e  genus Au / t z Z i a .  The nem atocyst complement h as  n o t 
been  confirm ed n o r  a  d e ta i l e d  l i f e  h i s t o r y  fo llo w e d . The MDH isozym e 
p a t t e r n s ,  w ith  th e  e x c e p tio n  o f th e  m a jo r band ( 0 .5 7 ) ,  in d ic a te  th a t  
th e s e  scyph istom ae  a re  s im i la r  to  th e  f i r s t  group (N o rth e rn  n o rth w e s t 
A t la n t ic )  and th e  SOD isozym e p a t t e r n  i n d ic a te s  th e  sam e, a lth o u g h  
th e re  a r e  d i f f e r e n c e s  in  s e v e r a l  m inor b a n d s . The 0 .3 3  and 0 .39  o r
0 .4 3  MDH b a n d s , common to  a l l  scy p h is to m ae  o f A, O L U lX ta ,  s e rv e  to  
d i s t in g u is h  Au A z L L a  from  scy p h is to m ae  of CkH.y&aoh.a q U y t n q u . z z i M . h a  and 
C y a n z a  z a p i Z Z c u t a :  Cktuj&ajOhja have d o u b le ts  ( 0 . 2 1 , 0 .2 2  and 0 .5 3 , 0 .5 4 )
w hereas C y a n z a  h as  a s in g le  band (0 .5 0 ) and a  t r i p l e t  (0 .2 5 ) (L in  and 
Z ubkoff, 1973). I t  i s  rem o te ly  p o s s ib le  t h a t  t h i s  p o p u la tio n  from  th e  
P a c i f i c  b e lo n g s  to  a n o th e r  s p e c ie s ,  i . e .  A. Z J j n b a t a  (D. R. C a ld e r , 
p e rs o n a l com m unication). The A . a .  MB and A . a . P E I  a re  i d e n t i c a l  w ith
TABLE 15
Characteristics of k u K d ti.a . a iV b ita . Scyphistomeae.
Chesapeake Delaware Germany Great Gulf of Massachu- New Sweden Washington Reference 
Bay ' Bay Britain Mexico ■ setts ■ Brunswick
C D GB GM M  NB'_______;________ W________________
Nematocyst Complement a,b ,c,d
Atrichous isorhiza 
"a" Atrichs 
polyspira 
Microbasic heterotrichous 
euryteles
Podocyst Formation
Mouth Shape of Mature 
Polyps 
circular 
cruciform
+
+
+
+ d,e,f
g,h,i,j,k
3-alanine
Isozymes 
(No. of Bands) 
MDH 
G6ED 
SOD
Esterase
4
1
3
3
5
1
3
3
6
1
10
3
1
6 10
3
VIMS Cultures
size of scyphistoma (mm) 1-2 1-2
temperature 19-22° 19-22°
4-8
12-15°
0.5-1
19-22°
4-8
12-15°
3-6
12-15°
3-6
12-15°
a, Spangenberg, 1964; b, Calder, 1971; c, Webb, Schimpf, and Olmon, 1972; d, Calder, Personal Communication; e, Chapman,
1968; f, Chapman, 1970; g, Thiel, 1962; h, Smith, 1964; i, Chapman, 1965; j, Russell, 1970; k, Morales-Alamo and Haven, 1974.
r e s p e c t  to  th r e e  enzymes (MDH, SOD, and e s t e r a s e s )  s tu d ie d  and a re  
c lo s e ly  r e l a t e d  to  A . a .  M and A . a .  GB. A lthough a  d e t a i l e d  a n a ly s is  
o f  th e  A . a .  MB and A . a .  PEI by l i f e  h i s to r y  s tu d ie s  o r  nem atocyst 
complement has n o t been  u n d e rta k e n , th e s e  scy p h is to m ae  a r e  u n d o u b ted ly
A. o u v u X d .
In  c o n t r a s t  to  b o th  th e  MDH and SOD isozym e p a t t e r n s ,  th e  
e s t e r a s e  isozym es o f th e  scyp h is to m ae  o f  th e  A. (WJuXd o b ta in e d  from  
5 lo c a le s  do n o t in d ic a te  common e le c t r o p h o r e t i c  b e h a v io r  (T ab le  1 4 ). 
A lthough a l l  e s t e r a s e  isozym e p a t te r n s  i n d i c a t e  a t  l e a s t  th r e e  com­
p o n e n ts , th e  d i f f e r e n c e s  o f th e s e  p a t t e r n s  a r e  f a r  to o  g r e a t  and th e  
number o f  o b s e rv a tio n s  a re  too  few to  i n t e r p r e t  in  even a q u a l i t a t i v e  
m anner, a -n a p th y l  a c e t a t e ,  th e  s u b s t r a t e  f o r  th e  n o n - s p e c i f ic  e s t e r a s e s ,  
i s  h y d ro ly zed  by any o f  th e  fo u r  c la s s e s  o f e s t e r a s e s : c a rb o x y e s te ra s e
(EC 3 .1 .1 .1 ) ,  a r y le s t e r a s e  (EC 3 .1 . 1 . 2 ) ,  a c e ty l e s t e r a s e  (EC 3 . 1 . 1 . 6) 
and c h o l in e s te r a s e  (EC 3 . 1 . 1 . 8) (Holmes and M a s te rs ,  1967). I t  i s  
p o s s ib le  t h a t  th e  u se  o f  o th e r  s u b s t r a t e s  and i n h i b i t o r s  w hich p e rm it 
th e  d e te c t io n  o f e s te r a s e s  on a  m ore s e l e c t i v e  b a s i s  may be u s e f u l .
A lthough numerous s tu d ie s  have b een  r e p o r te d  on th e  MDH 
isozym es o f a w ide v a r i e ty  o f o rg a n ism s, few have b een  u n d e rta k en  on 
a  s in g le  s p e c ie s  o f th e  lo w est AvwmaXsLd from  v a ry in g  g e o g rap h ic  
lo c a t io n s .  C o n d e-d e l-P in o , P e r e z - V i l l a r , C in tro n -R iv e ra , and S e n e riz  
(1966) r e p o r te d  two MDH isozym es in  th e  f la tw o rm , SdkZAioAOttld WCLH&OYU., 
from  P u e rto  R ico w h ile  C oles (1971) o b se rv ed  two o r  fo u r  MDH isozym es 
and v a r i a t i o n s  in  th e  n o n - s p e c if ic  e s t e r a s e s  o f  th e  same s p e c ie s  
i s o l a t e d  from  d i f f e r e n t  re g io n s  o f  E a s t A f r ic a .  In  t h e i r  su rv ey  o f 
46 a n im a ls , T h o rn b er, O l iv e r ,  and S c u t t  (1968) u s in g  s t a r c h  g e l  e l e c t r o ­
p h o re s is  (pH 7 .0 )  found th a t  th e  s e a  anemone, OuutdcXid t.Q.Vl<lhH.O&dt had
11 MDH isozym e b a n d s , th e  m ost complex p a t t e r n  o f  a l l  o rgan ism s s tu d ie d .  
However, c o n fo rm a tio n a l changes o r  g e n e ra t io n  o f a r t i f a c t s  th ro u g h  th e  
e le c t r o p h o r e s i s  p ro c e d u re s  w ere n o t e n t i r e l y  ru le d  o u t .
In  summary, MDH and SOD isozym e p a t te r n s  p ro v id e  a d d i t io n a l  
c o r r o b o r a t iv e  ev id en ce  t h a t  scyph istom ae  w ith  d i f f e r e n t  m o rp h o lo g ica l 
c h a r a c t e r i s t i c s  o b ta in e d  from  w id e ly  s e p a ra te d  g e o g rap h ic  lo c a l e s  a ls o  
d i f f e r  in  p h y s io lo g ic a l  c h a r a c t e r i s t i c s .  In  a d d i t io n ,  two groups of 
u n a u th e n t ic a te d  scyph istom ae  have been  c l e a r ly  i d e n t i f i e d  a s  A. OUJuJ jOL.
SUMMARY
A lthough pronounced m o rp h o lo g ica l changes o ccu r d u r in g  th e  p ro c e ss  
o f  s t r o b i l a t i o n ,  o n ly  m inor d i f f e r e n c e s  in  isozym e p a t t e r n s  betw een 
scyph istom ae  and s t r o b i l a e  w ere o b se rv ed . D uring  th e  developm ent 
o f  scyphozoan j e l l y f i s h ,  changes o f  m a la te  d eh ydrogenase  isozym e 
p a t t e r n s  w ere o b serv ed :
a . In  AuAztia. ouAaX cl th e re  i s  no change o f th e  m ito c h o n d r ia l  MDH 
isozym e p a t t e r n s  in  d i f f e r e n t  s ta g e s ,  a lth o u g h  a  r e l a t i v e l y  
sm a ll change in  th e  cy to p la sm ic  MDH isozym e p a t t e r n  o c c u rs .
b . In  ChhJLj&aona. quin.quzCAJUihn, changes in  MDH isozym e p a t t e r n s  
occu r d u rin g  developm ent. There i s  a  s h i f t  in  th e  dom inance 
from  th e  c y to s o l  o f p o d o cy sts  to  m ito c h o n d r ia l  MDH o f 
scyph istom ae  and medusae d u rin g  developm ent
c . I n  Cyanza c.CupLlJLcutOL, changes in  th e  MDH isozym e p a t t e r n  th ro u g h  
th e  d i f f e r e n t  s ta g e s  a lso  o ccu r . T here  i s  a l s o  a  s h i f t  o f  th e  
dom inance betw een th e  slow  and f a s t  m ig ra t in g  MDH d u rin g  
developm ent.
No changes in  G6PD enzyme e le c t r o p h o r e t i c  m o b i l i ty  d u r in g  th e  
developm ent of Auft.eJU.CL, Cyanza. and ChJiy&aoHa w ere o b se rv ed .
No te m p e ra tu re  induced  d i f f e r e n c e s  in  MDH isozym e p a t t e r n s  o f 
th e  scyph istom ae  o f Au/izLCa o r Ch/iy&aOM. when c u l tu r e d  u n d e r 
d i f f e r e n t  te m p e ra tu re s  w ere o b serv ed .
The p o s s ib le  re a so n s  f o r  th e  change o f MDH isozym e p a t t e r n s  a re  
d is c u s s e d  w ith  r e s p e c t  to  a gene a c t i v a t io n  h y p o th e s is .
E v idence  o b ta in e d  by two in d ep en d en t m ethods o f a n a ly s is  p ro v id e  
ev id en c e  f o r  a  f u n c t io n a l  p e n to se -p h o sp h a te  pathw ay in  th e  s c y p h i­
stom ae o f  Chn.y&aona..
a . The f i r s t  two enzymes o f th e  p e n to se -p h o sp h a te  pathw ay , 
g lu c o s e -6-p h o sp h a te  dehydrogenase  (G6PD) and 6-p h o sp h o g lu c o n a te  
dehydrogenase  ( 6PGDH), have s in g le  bands on p o ly a c ry la m id e
g e l  e le c t r o p h o r e s i s  w ith  r e l a t i v e  m o b i l i t i e s  o f  0 .2 0  and 0 .4 7 , 
r e s p e c t iv e ly .
b . The m olar r a t i o  o f  ^C C ^ produced by th e  X.VI UtVO o x id a t io n  o f 
g lu c o s e - l - ^ C  and g lu c o s e -6- ^ C  i s  g r e a te r  th a n  o ne , an 
o b s e rv a tio n  c o n s is te n t  w ith  a  f u n c t io n a l  p e n to se -p h o sp h a te  
pathw ay.
In  AlUioJiia. and ChA.y4>aoM.a, th e  p re sen c e  o f a fu n c t io n a l  t r i c a r b o x y l i c  
a c id  c y c le  i s  in d ic a te d  by th e  a c t i v i t i e s  o f NADP^-linked ICD, MDH 
and SDH. An i n t e r p r e t a t i o n  o f c a rb o h y d ra te  m etabo lism  o f scyphozoan 
j e l l y f i s h  i s  p re s e n te d .  The advan tage  o f la c k in g  o f l a c t a t e  
dehydrogenase  and th e  p re se n c e  o f a sm all amount o f m a lic  enzyme 
and ICD in  th e  scyph istom ae  a re  d is c u s s e d .
a . The p re sn e c e  o f m a la te  dehydrogenase (MDH), s u c c in a te  dehydro ­
genase  (SDH), p y ru v a te  k in a se  (PK ), phosp h o en o lp y ru v ate  
c a rb o x y k in ase  (PEPCK) , m a lic  enzyme, and NADP**"-linked i s o c i t r a t e  
dehydrogenase  (ICD) in  th e  scyph istom ae o f  scyphozoan j e l l y f i s h  
has been  d em o n stra ted  by s p e c tro p h o to m e tr ic  m ethods. T here  
i s  no NAD+- l in k e d  ICD d e te c te d .
The MDH and su p e ro x id e  d ism u ta se  (SOD, te t r a z o l iu m  o x id a se )  
isozym e p a t t e r n s  o f  th e  th r e e  m ost common scyph istom ae o f  Chesapeake 
Bay d i f f e r  in  number and in  e l e c t r o p h o r e t i c  m o b i l i t i e s .  Isozym e 
components o f  MDH and SOD, e i t h e r  s in g ly  o r  in  co m b in a tio n , may 
be used  to  d i s t i n g u i s h  th e  common Chesapeake Bay scyph istom ae  
o f  unknown o r ig i n .
a . The MDH and SOD isozym e p a t t e r n s  o f  hxh&JLLa. scyph istom ae  show 
v a r i a t i o n s  w hich a re  r e l a t e d  to  th e  g e o g ra p h ic a l lo c a t io n  
from  w hich  th e s e  o rgan ism s w ere o b ta in e d . In  c o n t r a s t ,  
g lu c o s e -6-p h o sp h a te  dehydrogenase  from  th e s e  kuJieJLLa. scyph istom ae 
shows a  s in g le  band w ith  i d e n t i c a l  e le c t r o p h o r e t i c  m o b i l i t i e s .
b . On th e  b a s i s  o f MDH and SOD isozym e p a t t e r n s ,  th e  scyph istom ae
o f AuAzL lcl may be  grouped in to  tw o, and p o s s ib ly  th r e e  c a te g o r ie s  
(a ) N o th em  n o rth w e s t A t l a n t i c ,  in c lu d in g  scyph istom ae  from  
M assa c h u se tts  (U n ited  S t a t e s ) , New B runsw ick (C an ad a ), and 
P r in c e  Edward I s la n d  (C anada); (b) M iddle n o rth w e s t A t l a n t i c ,  
in c lu d in g  scy p h is to m ae  from  Chesapeake Bay, D elaw are Bay, and 
p ro b ab ly  th e  G ulf o f  M exico; and (c ) M iddle n o r th e a s t  P a c i f i c ,  
in c lu d in g  scy p h is to m ae  from  W ashington (U n ited  S t a t e s ) . 
Scyphistom ae from  G rea t B r i t a i n  a re  more s im i la r  to  th o se  o f 
c a te g o ry  (a )  th a n  to  any o th e r .
c . E s te ra s e  isozym e p a t t e r n s  a re  to o  complex and v a r ia b le  fo r
e s ta b l i s h in g  th e  r e l a t i o n s h ip s  o f AvJioJLLa. scyph istom ae  of
d i f f e r e n t  o r ig i n .
d . Isozyme p a t t e r n s  haye b een  u sed  to  confirm  th e  i d e n t i t y  o f
scyph istom ae  from  New B runsw ick and P r in c e  Edward I s la n d  as 
AuJioJLLa. and to  show t h a t  th e s e  p o p u la tio n s  a r e  i d e n t i c a l .
The p re se n c e  o f MDH, SDH, PK, PEPCK and m a lic  enzyme in d i c a t e s  
th a t  th e  scy p h is to m ae  a re  p o t e n t i a l l y  c ap a b le  o f s u rv iv in g  
u n d e r a  low oxygen c o n d it io n .
The M ic h a e lis  c o n s ta n t (Km), energy  o f a c t i v a t io n  (Ea) and 
Q^q ° f  MDH, PK, PEPCK and SDH o f  scyph istom ae  have b een  
d e te rm in e d .
A lthough  scyph istom ae  o f CfoAt/AaoAa c u l tu re d  u n d er d i f f e r e n t  
te m p e ra tu re  do n o t d i f f e r  in  MDH isozym e p a t t e r n s ,  th e y  d i f f e r  
w ith  r e s p e c t  to  Km. The energ y  o f a c t i v a t io n  o f  MDH, PK, 
and PEPCK in  th e s e  two k in d s  o f  scyph istom ae  i s  a ls o  d i f f e r e n t .  
The scyp h is to m ae  c u l tu re d  in  th e  co ld  always, have  a  h ig h e r  
su b s tra te -e n z y m e  a f f i n i t y  (lo w er Km) th an  th e  scy p h is to m ae  
m a in ta in e d  a t  room te m p e ra tu re . The scyph istom ae m a in ta in e d  
in  th e  c o ld  have a  low er energy  of a c t i v a t io n  th a n  th o s e  m ain­
ta in e d  a t  room te m p e ra tu re . These r e s u l t s  a re  c o n s i s te n t  
w ith  th e  su g g e s tio n  o f  Somero and Hochachka (1969) t h a t  
s u b s t r a t e  enzyme a f f i n i t y  v a r i e s  r e c ip r o c a l ly  w ith  te m p e ra tu re  
o v e r a la r g e  p o r t io n  o f th e  te m p e ra tu re  o f  th e  p o ik i lo th e rm ic  
a n im a l 's  h a b i t a t .  The r e d u c t io n  o f v e lo c i ty  o f  enzym atic  
r e a c t io n s  w ith  d e c re a se  te m p e ra tu re  may be  p a r t i a l l y  and 
som etim es f u l l y  o f f s e t  by th e  d e c re a se  o f Km and th e  energ y  
o f  a c t i v a t io n .
The dependence on pH o f  MDH, PK and PEPCK has been  in v e s t ig a te d  
and th e  p o s s ib le  r o l e  o f pH c o n tro l  a t  th e  b ra n c h  p o in t  o f  
p h o sp h o en o lp y ru v a te  i s  d is c u s s e d .
MDH s t a r t s  to  d e n a tu re  a t  50PC; SDH, PK, PEPCK and m a lic  enzyme 
s t a r t  to  d e n a tu re  a t  40PC; and th e r e  i s  no a c t i v i t y  o f m a lic  
enzyme d e te c te d  when th e  te m p e ra tu re  i s  below  25PC.
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